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ABSTRACT
The requirement for appropriate protective measures for critical infrastructures
such as government buildings, military installations, airports and high-value assets that
are at high risk of being subjected to extreme loads is becoming more important day by
day due to the increasing trend of terrorist activities, accidental explosion events and
vehicle crashes. There are various protective measures to improve the blast and impact
protection level of structures. Among the available protective measures, the lightweight
protective structures have attracted the attention of design engineers due to their high
energy absorption and low aerial density. Some of the lightweight protective systems
include aluminium foam core, regular cellular core and auxetic core sandwich panel
systems. Recently, the auxetic core sandwich panel protective systems have attracted
more attention from researchers and structural engineers due to the developments in
fabrication technologies.
The auxetic core sandwich panels exhibit negative Poisson’s ratio behaviour,
unlike regular cellular core sandwich panels, leading to exceptional improvements in
performance characteristics such as material concentration, shear resistance, high energy
absorption, indentation resistance and fracture resistance. In addition to protective
structures, these exceptional properties make auxetic systems suitable for various
applications such as sports and medical equipment. However, for several reasons, the
understanding of the blast and impact response of auxetic core sandwich panels is lacking
reliable full-scale performance data. Most of the existing investigations have been based
on small-scale auxetic structures fabricated from polymeric materials using additive
manufacturing techniques, which are not suitable for blast loading conditions. There is a
limited number of studies on the performance of small-scale metallic auxetic structures,
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fabricated using laser beam melting techniques, under impact loads. The studies on the
blast and impact resistance of large-scale auxetic core protective systems are currently
limited to numerical simulations. Therefore, this research aims to fill the research gap by
developing a new class of auxetic core sandwich panel systems and investigating the
response of the protective system under realistic blast and impact loads.
In the first stage of the study, a suitable auxetic core unit cell topology was
evaluated using 3D printed reduced-scale auxetic structures with five different auxetic
topologies. The 3D printed auxetic structures were tested under quasi-static compression
loading. The re-entrant honeycomb topology was selected for large-scale experiments and
further studies, based on the load-displacement relationship and energy absorption. The
re-entrant honeycomb core sandwich (RHS) panel protective systems were fabricated
from aluminium alloy sheets utilising an in-house designed and built folding machine.
The response of the fabricated large-scale RHS panel systems under close-in blast loads
was investigated through experiments carried out using 1 kg Nitromethane charges. Two
types of main structures were considered, namely steel plates supported on four edges
and simply supported one-way reinforced concrete slabs. Lightweight cover plates were
used in this study, and it was found that the lightweight cover plates are not adequate for
close-range blast detonations, which could lead to blast damage enhancements of the main
structure. Further, this study found that the RHS protective structures have limits for
effectiveness and should be used within these limits for best performance.
Drop hammer impact tests were also performed to investigate the impact
resistance performance of reinforced concrete slabs protected by large-scale RHS panel
systems. It was found that the RHS panels are very effective under low-velocity impact
loads but should be used within the design capacity of the reinforced concrete panel. The
LS-DYNA numerical models were developed for the RHS panels under close-in blast
ii

loads and impact loads and calibrated and validated using the experimental results. The
numerical simulation results are in reasonable agreement with the experimental results.
The parametric studies were conducted using the calibrated and validated numerical
models. The RHS panel system’s effective ranges, response limits and design
recommendations are provided, based on the experimental data and parametric study
results.
The findings of this research work provide highly valuable experimental and
numerical data on the blast and impact resistance and response of re-entrant honeycomb
core sandwich panels that can be used for the practical design of real-life protective
applications.
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CHAPTER 1 INTRODUCTION
1.1 BACKGROUND
The introduction of newly developed weapons and explosive devices has been
increasing day-to-day with the development of new technologies and will increase the
risk to civil and military infrastructure. Figure 1.1(a) shows an example of a military truck
being subjected to a land mine explosion. These explosions can be accidental or
deliberate, such as terrorist attacks, and result in extremely large forces acting on the
structures. Furthermore, vehicle collisions with infrastructure can also happen and their
consequences could be devastating. Such occurrences cost billions of dollars to
governments and can result in the loss of lives. According to the US Department of State’s
annual report on terrorism (2016), in 2015, a total of 11,774 terrorist attacks occurred
worldwide, resulting in more than 50,000 deaths and injuries and more than 50 billion of
dollars worth of damage. Even though the occurrence of such extreme accidental and
deliberate loading events cannot be predicted, there are impact and blast-mitigation
methodologies to protect personnel and infrastructure from such malevolent attacks.
Some of the damage mitigation methods include protecting exposed building
elements with heavy thick steel plates or concrete panels, aluminium foam skins, fibre
reinforced concrete (FRP) retrofit, and sandwich panels with an energy-absorbing core.
Even though covering the exposed building areas with heavy thick steel plates and
concrete panels could be effective to mitigate the damage due to blast and impact loads,
it could potentially increase the possibility of damage by extreme events such as
earthquake, tornados and windstorms as a result of increasing the overall mass of the
structure. The natural frequency of a structure depends on the mass and when a mass is
added to the structure, its natural frequency will reduce, which increases the possibility
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of failure due to earthquakes. However, the above limitation can be eliminated by using
light-weight damage mitigation methods such as aluminium foam core or cellular core,
sacrificial sandwich panel systems. The sacrificial sandwich cladding systems can be
installed against the exterior of the structures that need to be protected from blast and
impact loads (see Figure 1.1(b) to (d)). The sandwich sacrificial panels are designed to
absorb the blast and impact energy to protect the main structure, such as a military vehicle,
building component or bridge piers.

Figure 1.1. (a) A military vehicle subjected to a land mine; and examples for a few
lightweight blast mitigation methods: (b) military vehicle; (c) bridge support; and (d) a
tunnel (pictures from cellularmaterials.net, 2021)
The sacrificial sandwich panel systems consist of a crushable core sandwiched in
between two face sheets. The crushable core plays an important role as the main energy
absorption component of the sandwich panel and can be composed of regular 2D and 3D
2

cellular structures and auxetic cellular structures (Dziewit et al., 2017; Saxena et al., 2016;
Wadley, 2006). The cellular structure is porous and formed by a unit cell design that is
periodically arranged in two- or three-dimensional arrays. The mechanical properties and
energy absorption capacity of the sandwich panels vary with the unit cell design of the
sandwich panel core. The unit cell designs of cellular structures have been inspired by
observing the cellular structures in nature, such as honeycombs in bee nests, elytra of
beetles, bones of birds, and shells (Lu et al., 2013; Zhang et al., 2015a; Zheng, 2019).
However, starting from nature-inspired unit cell topologies, various unit cell designs for
cellular structures have been developed and studied by researchers to understand their
mechanical properties, energy absorption capabilities and response under quasi-static
compression loads, blast and impact loads (Dziewit et al., 2017; Habib et al., 2017b;
Habib et al., 2017a; Xue and Hutchinson, 2004).
However, some of the unit cell topologies exhibit complex geometries, which
creates practical difficulties in fabricating those structures for real-world applications.
However, with the recent developments in fabrication technologies like 3D printing,
researchers have been investigating and improving the unit cell topologies to boost the
performance of cellular core sandwich panels for various applications, including blast and
impact load mitigation (Goulbourne et al., 2017; Ingrole et al., 2017; Kolken and
Zadpoor, 2017). As a result of these studies, a novel cellular structure type, called auxetic
cellular structures, has been developed with special mechanical properties and advanced
functionality. The auxetic cellular structures exhibit negative Poisson’s ratio (NPR),
differentiating them from other regular cellular structures. Unlike the regular cellular
structures, the auxetic structures become smaller when they are compressed and get fatter
when they are stretched, Figure 1.2. The negative Poisson’s ratio behaviour of auxetic
cellular structures has become an added advantage for their use as a core structure for
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sandwich panels or sacrificial panels, in addition to their improved shear resistance,
indentation resistance, and sound and vibration absorption compared to regular positive
Poisson’s ratio structures (Liu, 2006).

Figure 1.2. Behaviour of cellular structures under compression and tension: (a) regular
cellular structures; and (b) auxetic cellular structures
Polyurethane foam with negative Poisson’s ratio was firstly developed by Lakes,
in 1987 (Lakes, 1987). The materials or structures with NPR behaviour were named as
auxetics by Evans in 1991 (Evans et al., 1991). The auxetic cellular structures can be
classified into three main classes, namely re-entrant, chiral and rotating auxetic structures
(Kolken and Zadpoor, 2017). The chiral and rotating auxetic structures are not widely
used as the core for protective sandwich panels due to their complex unit cell geometries.
The re-entrant auxetic structures can be divided into two main groups based on the unit
cell topology, namely 2D and 3D re-entrant structures. Examples for the 2D re-entrant
type auxetic structures are re-entrant hexagonal honeycomb (re-entrant honeycomb),
arrowhead structures, and star systems. The 3D re-entrant structures have been developed
based on the 2D re-entrant topologies to further tune up the mechanical properties and
performance of 2D re-entrant structures despite the difficulties in manufacturing largerscale structures (Imbalzano et al., 2018; Ma et al., 2010; Ngo et al., 2015). The NPR
behaviour of auxetic cellular structures provides the advantage gained by the use of
auxetic structures for sandwich panels for blast and impact protection of structures over
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the regular cellular structures. The auxetic structures concentrate material where it is more
required during the application of blast or impact loads, unlike the regular cellular
structures where material flows away from the loading region.
1.2 PROBLEM STATEMENT, AIM AND OBJECTIVES OF THIS STUDY
Civil infrastructures and military structures and vehicles could be accidentally or
deliberately subjected to blast and impact loads. However, those critical infrastructures
and vehicles can be designed to resist extreme loads during the design phase by applying
blast and impact load mitigation methods. Furthermore, the existing infrastructures can
be retrofitted or modified with blast and impact protection modular structures. Thus, the
cellular core sandwich panel or sacrificial cladding systems are becoming popular as
lightweight blast and impact load mitigation methods. Among the cellular core sandwich
protective systems, the sandwich panels with auxetic cores have attracted more attention
of researchers and structural engineers due to their exceptional properties compared to
the regular cellular core sandwich panels.
As a result of these systems gaining more attention, researchers have undertaken
investigations to understand the dynamic response, failure modes and performance of the
auxetic cored sandwich panel systems under blast and impact loads. However, most of
the investigations have been limited to experimental and numerical investigations of
reduced-scale or prototype sandwich panels with various designs of auxetic structures
under quasi-static loads. The reduced-scale structures used in those investigations were
created using 3D printed polymeric materials (Ingrole et al., 2017; Jiang and Li, 2018; Li
et al., 2018a; Platek et al., 2017) and the selective laser melting (SLM) method for
metallic auxetic panels (Dong et al., 2019). This problem is mainly due to the complex
nature of the auxetic unit cell geometries, which are difficult to fabricate on a large-scale
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as well as to fabricate in metallic materials. The majority of the investigations of the
performance of auxetic sandwich panels under blast and impact loads have been
numerically carried out using finite element software packages (Imbalzano et al., 2018;
Imbalzano et al., 2016a; Imbalzano et al., 2016b; Imbalzano et al., 2015; Jin et al., 2016).
A limited number of experimental studies have been performed to understand the
response of auxetic sandwich panels under realistic blast and impact loads. According to
the author’s knowledge, the first worldwide experimental study on large-scale metallic
re-entrant honeycomb sandwich panels was conducted by a research team at the
University of Wollongong in collaboration with researchers at Dalian University of
Technology (Qi et al., 2017). Thus, the understanding of the dynamic response and failure
modes of auxetic sandwich structures under blast and impact loads remains a problem to
be fully understood to facilitate further use of those structures as a blast and impact
protection solution in real-world applications. This research aims to provide solutions for
the above-mentioned problems in the area of auxetic cored sandwich protective systems.
The aim of this research is to develop and investigate the dynamic response of a
multi-functional lightweight modular sandwich panel system with negative Poisson’s
ratio core that can be used for protecting new and existing structures that were not
designed to withstand blast and impact loadings. To achieve the main aim of this research,
the following objectives are formulated.
1. To determine the practicable and most effective auxetic unit cell topology
and its design parameters for the development of large-scale sandwich
panel systems.
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2. To design and develop an auxetic cored sandwich panel system and
fabricate the auxetic cored sandwich panel systems for experimental
investigations.
3. To investigate the dynamic response and performance of the developed
auxetic sandwich panel system at a structural scale under realistic
explosive and impact loading conditions, using live and simulated blast
and impact tests.
4. To investigate the dynamic response, behaviour, and failure modes of the
developed protective systems under blast and impact loading conditions
using high-fidelity physics-based finite element modelling techniques and
constitutive material models, and to calibrate and validate these models to
enable further understanding of the developed protective system for
applications.
5. To provide design guidelines, recommendations and effectiveness regimes
for the auxetic cored sandwich panels systems for practical, real-world
applications.
1.3 SIGNIFICANCE OF THIS RESEARCH
As is explained in the previous sections, the accidental or deliberate blast and
impact events could happen at any-time and could cause significant damage to critical
infrastructures. This research introduces a cost-effective, modular and lightweight auxetic
core sandwich panel system for blast and impact protection of critical infrastructure
facilities. The dynamic response and protective characteristics of the developed auxetic
core protective system under realistic blast and impact loads are studied in this research.
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The following key contributions are provided from this research into the research area of
lightweight protective structures.
•

A novel fabrication method for metallic large-scale auxetic core sandwich
panels.

•

Important experimental results on the performance of auxetic core sandwich
panel systems under realistic blast and impact loads.

•

Calibrated and validated finite element numerical models for auxetic core
sandwich panels for further studies and design enhancements.

The outcomes of this research will advance the knowledge and understanding of
the dynamic response of the negative Poisson’s ratio cored sandwich panel systems as a
protective structural solution and boost research data with high-value experimental
results.
1.4 ORGANISATION OF THE THESIS
This thesis on “Development of Negative Poisson’s Ratio Composite Sandwich
Panel System for Blast and Impact Protection” consists of nine chapters, including
Chapter 1 Introduction. Each chapter covers a separate investigation and study area in
this research. The thesis chapters two to nine are organised as follows:
•

Chapter 2 presents the up-to-date research work and findings starting from the
regular cellular core sandwich structures to negative Poisson’s ratio composite
sandwich panel systems under quasi-static compression, blast and impact
loads. The limitations of the existing research work and the areas where more
studies are required are described in detail.
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•

Chapter 3 includes the experimental results of the reduced scale auxetic
sandwich panels with five different auxetic unit cell topologies under quasistatic compression loads, along with performance evaluation of those panels
using load-displacement and energy absorption relationships. Details of finite
element numerical model development using LS-DYNA software and
comparison of numerical and experimental results are presented.

•

Chapter 4 introduces a novel cost-effective fabrication methodology for largescale re-entrant honeycomb-cored sandwich panel systems using 0.6 mm
aluminium sheets. Material testing results for Grade AA 5005-H34 aluminium
alloy are also presented.

•

Chapter 5 presents the experimental results on steel plates protected using
large scale re-entrant honeycomb sandwich panel systems under close-range
blast loadings. This chapter includes the details of finite element numerical
model development, model validation and calibration with experimental
results. The performance of re-entrant honeycomb sandwich panel systems for
various close-in blast loading scenarios is presented using a parametric study.

•

Chapter 6 details the experimental results for performance and response under
close- proximity blast loads on one-way simply supported reinforced concrete
slabs protected using large scale re-entrant honeycomb sandwich panel
systems. The response of sandwich panel systems with lightweight cover
plates is characterised in comparison with the experimental results for
reinforced concrete slabs without the protection.

•

The finite element numerical simulations for the experiments presented in
Chapter 6 are developed in Chapter 7 for a better understanding of the
experimental results. The concept of re-entrant honeycomb sandwich panels
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with heavy thick cover plates is presented along with the design
recommendations for re-entrant honeycomb core sandwich panels.
•

Chapter 8 explains the large-scale experimental results on one-way simply
supported reinforced concrete slabs protected using re-entrant honeycomb
sandwich panel systems and their performance under impact loads. Following
the experimental results and analysis, the numerical simulation results for
impact tests are presented, comparing the numerical results for different
concrete material models with experimental results.

•

Finally, Chapter 9 presents a summary of all the research work conducted in
this research, conclusions drawn from all the findings of this research and
recommendations for future work.
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CHAPTER 2 LITERATURE REVIEW
2.1 INTRODUCTION TO BLAST LOADS ON STRUCTURES
In this section, explosions, blast phenomenon, shockwave propagation through
the air after an explosion, shockwave profile and important blast load parameters are
discussed.
2.1.1 Explosions and physics of blast phenomenon
An explosion can be defined as a rapid and sudden release of a large amount of
energy and can occur in air, underground and underwater (Bangash, 2009). As a result of
the rapid release of energy, a pressure disturbance known as a blast wave propagating
away from the explosion will be created in the explosion media (Dusenberry, 2010). The
sudden release of energy could happen for example, due to a chemical or nuclear reaction
or decomposition, gas ignition or catastrophic failure of a compressed gas.
Explosion events can be categorised into three main groups according to the
nature of the explosion source, namely physical, chemical, and nuclear events. For
instance, the explosion due to a catastrophic failure of a compressed gas tank can be
categorised as a physical explosion. Most explosions that have occurred in the world were
due to chemical explosions involving high explosive materials such as trinitrotoluene
(TNT), nitromethane, composition C4 explosives and composition B. Most of the
deliberate attacks have been carried out using high explosives. The high explosive could
be in any form: solid, liquid or gas. The blast effects due to solid explosives are well
known, however the blast effects of liquid or gas explosives remain to be further
understood (Dusenberry, 2010; Ngo et al., 2007).

11

As explained earlier, after an explosion, a pressure disturbance occurs creating a
shockwave which travels away from the explosion source at a speed more than the speed
of sound (see Figure 2.1(a)). For an explosion of high explosives, a fireball consisting of
hot gasses with pressure up to 30,000 MPa and a temperature of about 3000-4000 °C is
created. This fireball of hot gasses expands, forcing the air out, thus creating a shock wave
which travels away from the centre of the explosion with the energy released from the
explosion. The magnitude of the pressure in this shock wave is above the ambient
atmospheric pressure and is usually known as overpressure. The overpressure due to the
shock wave decays as the shock wave travels away from the explosion source, see Figure
2.1(b). On the other hand, the overpressure at a location close to the explosion source is
higher than that of a location far away from the source (Ngo et al., 2007).

Figure 2.1. (a) Shock wave propagation due to an explosive detonation on the ground
surface (Dusenberry, 2010); and (b) variation of overpressure with distance due to an
explosion (Ngo et al., 2007)
Furthermore, the duration of the pressure disturbance due to the shock wave
occurring at a location increases as the shock wave travels away from the explosion
source. After a short time, the pressure behind the shock front drops below the ambient
pressure level creating a negative pressure phase, which could potentially suck the air and
debris towards the centre of explosion source. However, the magnitude of the negative
phase pressures is lower than the positive phase overpressures.
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2.1.2 Shock wave profile and parameters
A typical shock wave profile at a known location away from the explosion source
is shown in Figure 2.2 with important terms and parameters related to the shock wave
profile. Since the shock wave creates an instantaneous rise in the pressure at that location
the resultant pressure can be several times higher than ambient (called peak incident
overpressure, 𝑃𝑃𝑠𝑠𝑠𝑠 ) at the arrival time, 𝑡𝑡𝐴𝐴 of the shock wave following the explosion. The
pressure exponentially decays following the peak incident overpressure and eventually
returns to the ambient pressure level. Then, the pressure further decays below ambient
pressure creating the negative phase. The negative phase duration is longer than the
−
positive phase, and the peak negative overpressure, 𝑃𝑃𝑠𝑠𝑠𝑠
, is several times lower than the

peak incident overpressure.

Figure 2.2. Shock wave profile and characteristics (Dusenberry, 2010)
When the shock wave interacts with a structure/object, a shock wave reflection
occurs that amplifies the peak incident overpressures by a reflection factor. The blast
wave pressure-time history on the object/structure is similar in shape as the incident wave
profile. The peak pressure corresponding to the peak incident overpressure is referred to
as peak reflected overpressure, 𝑃𝑃𝑟𝑟 . The reflection factors depend on the incident shock
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wave characteristics and the angle of incidence which is the orientation of the object with
respect to the shock wave.
The blast load effects due to the explosions of TNT charges are well known as
TNT have been widely used to study the blast loading phenomenon and the blast loading
effects. Thus, the magnitudes and intensities due to the explosions of other high
explosives are measured relative to the values for TNT (Dusenberry, 2010). The term
TNT equivalence has been introduced for other explosives and is defined as the equivalent
TNT mass that can be capable of producing a similar blast loading effect to the other
explosive of interest. The TNT equivalence of commonly used high explosives can be
found in a number of sources (e.g. Dusenberry, 2010).
2.1.3 Scaling laws and prediction of blast parameters
The shock wave’s characteristic parameters depend on the distance from the
explosion and also the energy released from the explosion. However, the blast loading
parameters are usually presented in a scaled form which enables the easy adaption of the
values for an explosion event to be applied for the scaled up or down explosion events.
The common scaling law used for the predictions of blast wave parameters is the cube
root scaling method. Cube root scaling uses the TNT equivalent mass of the explosive of
interest to scale the blast wave parameters.
The basic simplified method for predicting blast wave parameters due to an
explosion in free-field use empirical or semi-empirical methods. However, the blast
parameter predictions due to other situations requires more advanced methods like finite
element numerical methods. The empirical curves for free air-burst and surface burst
situations are provided in Dusenberry (2010) and UFC 3-340-02 (2008) and can be used
to determine the blast wave parameters relevant to the explosion event of interest using
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the scaled distance (𝑍𝑍) which can be calculated using Eq. 2.1. In Eq. 2.1, 𝑅𝑅 is the standoff
distance in meters and 𝑊𝑊 is the TNT equivalent mass of the explosives.
𝑍𝑍 = 𝑅𝑅/𝑊𝑊 1/3

Eq. 2.1

2.2 INTRODUCTION TO SANDWICH TYPE PROTECTIVE SYSTEMS
Civil and military structures and military vehicles are under major threat due to
the extreme loads that can occur as a result of accidental and deliberate explosions and
the impact of debris. These critical structures and vehicles can be protected from those
loads by covering these structures using thick armour systems. One example of thick
armour systems is monolithic plates. However, the major drawback of such thick armour
systems is their heavy weight. This significantly affects the integrity of civil structures by
reducing their stability, creating bulky structures, and difficulties with the transportation
and installation of heavy protective systems. The addition of thick monolithic plates to
vehicles for blast protection creates several problems due to the increase of the vehicle
mass, such as a requirement of more power to drive the vehicle. Sandwich panels which
are usually lightweight structures consist of two face plates known as front and back face
sheets and a crushable core in between those two face sheets. Sandwich panels are now
becoming the prevailing structures for blast mitigation applications. Xue and Hutchinson
(2004; 2003) and Nayak et al. (2012) studied the performance of metal sandwich panels
with different core topologies under blast loads and found that metal sandwich panels
have superior strength and energy absorption capability than monolithic plates having the
same mass. Recently, Imbalzano et al. (2016b) and Qi et al. (2017) also showed the
superior energy absorption capacity of sandwich panels through numerical and
experimental studies.
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Sandwich panels have higher energy absorption capability due to their crushable
core while being lightweight. It has been found that the energy absorption capacity of the
sandwich panels can be drastically improved by altering the core topology (Langdon et
al., 2010; Shukla et al., 2014). Examples of core topologies are: aluminium foam cores
(Langdon et al., 2010; Zhu et al., 2009a), polymeric foams, cellular core structures
(Dharmasena et al., 2008; He, 2012; Ingrole et al., 2017) and composite tubes (Shukla et
al., 2014; Van Paepegem et al., 2014). There are two types of sandwich structures that
can be used for blast mitigation applications namely sandwich panels and sacrificial
claddings. The major difference between these two types is that the back-face sheet of the
sandwich panel is free to deform under the impulsive load, but there is no deformation of
the back-face sheet in the sacrificial cladding structure as its back-face sheet is supported
by the existing or main structure. The evaluation of the performance of these two types
of structures is different. The performance of sandwich panels is evaluated using the
maximum back face sheet deformation while that of sacrificial claddings is evaluated
through the energy absorption and maximum force transmitted to the main structure.
Researchers have been trying to develop an effective core type for sandwich
structures that maximises energy absorption capability. Among various core structures,
cellular core topologies have attracted more attention due to their light weight and highenergy absorption capacity. However, in recent years, core topologies that exhibit
negative Poisson’s ratio, referred to as auxetic topologies (Liu, 2006; Ren et al., 2018a;
Saxena et al., 2016), have received more attention due to its enhanced mechanical
properties as a result of negative Poisson’s ratio behaviour.
The use of lightweight sandwich structures with foam core and metallic cellular
core for impact resistance, blast load mitigation, ballistic resistance, their mechanical
properties and dynamic response have been extensively investigated using experimental
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(Qi et al., 2017; Zhang et al., 2016), numerical (Imbalzano et al., 2018; Qi et al., 2013a)
and analytical methods (Hou et al., 2016; Zhu et al., 2009a). In this literature analysis,
sandwich structures made from foam cores are discussed first and then sandwich
structures made from metallic cellular topologies, including newly developed auxetic
core sandwich structures. Finally, applications of sandwich structures and auxetic core
topologies are presented.
2.2.1 Foam core sandwich panels
The foam core sandwich panel consists of a foam core sandwiched between two
metallic sheets (see Figure 2.3). The various foam materials can be used as the core
materials to produce foam core sandwich panels. Triantafillou and Gibson (1987)
developed a method to find the optimum design parameters to satisfy a given strength of
a foam core sandwich beam/plate with minimum weight. Polyvinyl chloride (PVC) foam,
Styrene acrylonitrile (SAN), and Polymethacrylimide (PMI) are a few examples of
polymeric foams and are widely used as core materials for sandwich structures due to
their light weight and good energy absorption. Kelly et al. (2014) conducted full-scale
blast tests of three types of foam core sandwich panels, namely PVC, SAN and PMI and
found that the SAN sandwich panel showed the least damage, while the PMI panel
showed the most damage under the blast pressure. Hassan et al. (2012) and Ye et al.
(2017) conducted numerical simulations and experimental tests to study the dynamic
behaviour and influence of foam density of PVC foam core sandwich panels under blast
and impulsive loads and found that the foam core sandwich panels were severely damaged
when the density of the foam core was increased.
Metallic foams such as aluminium foam and copper foam can also be used as core
materials for the foam core sandwich structures (Ma and Ye, 2007; Wadley, 2006; Wu
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and Sheikh, 2013). These metallic foams can be turned into auxetic metallic foams by
applying a compression force to deform plastically in three orthogonal directions (Lakes,
1987). Qi et al. (2013b) performed numerical simulations using LS-DYNA to find the
optimum configuration of aluminium foam core sandwich panel (AFP). In this study, the
face sheet material was altered using different materials. The results showed that AFP
with an aluminium front face sheet and an armour steel back face sheet showed better
performance than other configurations in terms of maximum back face deformation and
energy absorption. The performance of the auxetic core sandwich panel under highvelocity projectile impact was investigated numerically using LS-DYNA software and
compared with that of the aluminium foam core sandwich panel by Yang et al. (2013b).
It was found that, under the ballistic impact, by concentrating materials into the impact
zone, the auxetic core sandwich panel performed better than the aluminium foam core
sandwich panel with similar mass as the auxetic sandwich panel concentrated materials
into the impact zone, unlike aluminium foam core sandwich panel.

Figure 2.3. (a) Schematic diagram of a foam core sandwich panel (Qi et al., 2013b);
and (b) a reinforced concrete slab protected using an aluminium foam core sandwich
panel (Wu et al., 2011)
2.2.2 Regular cellular core topologies and cellular core sandwich panels
Various cellular materials are widely used for the cores of the sandwich structures
due to their excellent energy absorption in addition to their light weight. Among the
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cellular structures, the three main categories are, honeycomb topologies, corrugated
topologies and three-dimensional lattice truss structures such as pyramidal or tetrahedral
lattice truss structures (Wadley, 2006). The cellular structures have attracted much
attention due to superior mechanical properties like low density and high energy
absorption, thermal properties and high acoustic isolation. The cellular structure is
composed by periodically arranging the unit cell structure in 2D or 3D arrays, and the
classification of cellular structures has been done based on the unit cell geometry of the
cellular core. The cellular core structures can be combined with top and bottom face
sheets to create cellular sandwich structures. In general, the volume occupied by the
material used to fabricate the cellular core structure is less than 20% of the total interior
volume of the core showing its highly porous nature that helps enhance the energy
absorption property. When the cellular core sandwich structures are subjected to blast or
impact loads, the force transmitted to the front face is distributed to the cellular core by
front face sheet and at this time, the cellular core starts densification of its unit cells in the
core. The force transmitted to the back-face sheet is controlled by the dynamic crushing
strength that depends on the relative density, core topology of the cellular core, and the
material used to fabricate the core (Ashby et al., 2000; Gibson and Ashby, 1997). The
following sections describe more details of the cellular core topologies and cellular core
sandwich panels, and a few studies based on cellular core structures.
2.2.2.1 Honeycomb core cellular structures
The basic unit cell of a honeycomb structure could be any available regular
geometric shape such as hexagon, square, circle and triangle. All cell geometries are twodimensional so that their pores are continuous in one direction and are closed cell pores.
However, the cells can be arranged in two ways to form the cellular core sandwich
structure. The first method is with the webs of unit cell geometry aligned perpendicular
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to the face sheets, and such structures can be called “out of plane arrangement”, Figure
2.4(a). The other method is with the cell webs aligned parallel to the face sheets, and can
be called “in-plane arrangement” or prismatic structures, see Figure 2.4(b). Most of the
early attempts to mitigate blast loading effects using sandwich panels with cellular core
topologies considered the honeycomb cellular topologies, arranged in the out of plane
direction (Dharmasena et al., 2008; Li et al., 2014b; Zhu et al., 2009b). When sandwich
panels made from cores with cell webs perpendicular to the face sheets were used for
blast or impact load mitigation, the dynamic crushing strength and energy absorption of
the core depended mostly on the web thickness and the properties of the material used
(Atli-Veltin, 2009; Dharmasena et al., 2008).

Figure 2.4. Honeycomb core cellular sandwich structures: (a) out of plane
arrangement (a.1- hexagonal, a.2- Square, and a.3-triangular); and (b) in-plane
arrangement (b.1-triangular, b.2-diamond, and b.3-navtrus) (Wadley, 2006)
20

In recent years, researchers have focussed on the blast and impact mitigation
response of metallic cellular sandwich structures with the in-plane arrangement, because
in this case the core topology or geometry has more influence on the strength and energy
absorption properties rather than cell wall thickness and the material used to make the
core (Habib et al., 2017a). Some of the honeycomb cellular topologies, which have
excellent energy absorption, impact and blast mitigation properties, and information
regarding the findings related to these topologies to date, are discussed below.
Conventional hexagonal honeycomb core sandwich panels
A conventional hexagonal honeycomb topology has been inspired by nature from
observation of natural honeycomb nests, which consist of uniformly distributed
hexagonal periodic wax cells. Höfler and Renyi (1914) received a patent for the first
structural application using honeycomb structures. The design parameters of the unit cell
for the hexagonal honeycomb core structure are presented in Figure 2.5(a) and this unit
cell geometry can be arranged in the out-of-plane and in-plane directions as discussed in
the previous paragraph. The hexagonal honeycomb core structure can be fabricated using
relatively easy manufacturing methods due to its simple geometric shape. This core
topology has become widely used for different applications such as heat dissipation,
noise-cancelling, thermal as well as impact and blast attenuation (Kucewicz et al., 2018;
Zhang et al., 2015b). Hexagonal cores can be fabricated using polymeric materials such
as Nylon and ABS, as well as from metals such as aluminium and steel, according to the
application.
Most of the early attempts to mitigate blast and impact loads used the hexagonal
honeycomb core sandwich panels in which cell axes were arranged perpendicular to the
face sheets. Li et al. (2014b) investigated the dynamic response of aluminium hexagonal
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honeycomb sandwich panels as shown in Figure 2.5(b) under air blast loadings using
experiments followed by numerical simulations to understand the sandwich panels’
response under the blast loads. In this study, they used the hexagonal topology in the outof-plane direction. Zhu et al. (2009b) also investigated the out-of-plane dynamic response
of hexagonal sandwich panels under air blast by performing experiments and
corresponding numerical simulations, which successfully captured the experimental
behaviour and results. Later, the same authors also developed an analytical model to
determine the sandwich panel deformation under air blast and validated using
experimental results (Zhu et al., 2009a). Zhu et al. used this proposed analytical model to
determine an optimum geometry that satisfied given mass and shock loadings. Moreover,
Zhu et al. conducted a parametric study on hexagonal sandwich panels under blast loading
to discover the effect of relative density and core thickness of the core and side length.
Nayak et al. (2012) also investigated the optimum geometry for the hexagonal core
sandwich panel through the design of experiments (DOE) based response surface
optimisation method in combination with LS-DYNA. Nayak et al. (2012) considered the
back face sheet deflection as the optimisation function and considered the effect of core
thickness, face sheet thickness, unit cell thickness and side length for their investigation.

Figure 2.5. (a) Unit cell geometry and design parameters for hexagonal honeycomb
structure; and (b) aluminium hexagonal honeycomb panel (Li et al., 2014b)
Later researchers have considered the in-plane arrangement of cellular structures
and have found that its performance is highly influenced by the unit cell geometry, and it
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enables more stable, smooth load transfer than the out-of-plane arrangement. Habib and
co-workers (2017b; 2017a) studied the geometrical effect on in-plane energy absorption
of cellular sandwich structures. In their study, Habib et al. investigated the in-plane
energy absorption of 3D printed polymeric hexagonal honeycomb structures by using
experimental tests and numerical simulations. Moreover, the in-plane dynamic behaviour
of hexagonal honeycombs was studied and compared with the results from newly
developed auxetic structures. This emphasised the advantages of auxetic structures over
the regular core cellular structures (Hou et al., 2016; Imbalzano et al., 2018; Ingrole et
al., 2017).
Sandwich panels with square core structures
The square core structure is composed of square shape unit cells repeated in two
orthogonal directions. As mentioned in hexagonal honeycomb core structures, the square
core structure could be arranged in the out of plane direction (see Figure 2.4(a) a.2) or the
in-plane direction, to form the square core sandwich panels. Dharmasena et al. (2008)
experimentally investigated the dynamic response of metallic square honeycomb core
sandwich panels under blast loads, followed by numerical simulations to successfully
capture the deformation. Dharmasena et al. used square unit cell geometry in the out of
plane direction sandwiched between two stainless steel alloy sheets. The results were
compared with monolithic plates with similar mass to the square honeycomb sandwich
panels. The study showed that the designed square core sandwich panels can resist blast
loads more effectively than the steel plates of identical mass. Xue and Hutchinson (2004)
performed the underwater blast explosions tests on square core sandwich panels and
found that the square core sandwich panels were more effective in terms of resisting the
blast loading than the steel plates of identical mass. Xue and Hutchinson also investigated
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the effect of geometric parameters, relative density, core thickness and face thickness on
the blast resistance of square core sandwich panels.
2.2.2.2 Corrugated core sandwich panels
The unit cell geometry of corrugated cellular core structures is open cells.
Triangular core sandwich panels and Navtruss core sandwich panels (see Figure 2.4(b))
are the examples of corrugated core sandwich panels that have been widely used for
studies on the dynamic response of those structures under impact and blast loads (Li et
al., 2014a; Wadley et al., 2013; Xue and Hutchinson, 2004). However, the unit cell
geometry of the triangular core structure can also be categorised as a closed-cell or a
honeycomb core structure. The corrugated core sandwich panels have been considered
for many experimental investigations to understand and evaluate the dynamic response
of these structures under blast and impact loads, due to its relatively simple unit cell
geometry, which enables easy fabrication using aluminium or steel. The dynamic
response of the aluminium Navtruss core sandwich panels under air blast loads was
studied experimentally and numerically by Li et al. (2014a). The authors found that the
Navtruss core exhibited weaker energy absorption capacity compared to the honeycomb
or metallic foam cores. Furthermore, Li et al. (2014a) considered the variation of internal
angle between horizontal and inclined wall sections in the unit cell and found that the
Navtruss unit cell with a 90-degree angle showed the minimum back face sheet
displacement under the blast loads.
2.2.2.3 Lattice truss core sandwich panels
The unit cell topologies in the lattice truss core sandwich panels are fully open
cell structures and are made from slender beams in any cross-section. The lattice truss
unit cells can be arranged in many different configurations depending on the application
and fabrication methods available. Examples of lattice truss structures are pyramidal
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lattice, diamond collinear lattice and square collinear lattice (Wadley, 2006). Yang et al.
(2013a) studied the bending properties of various types of lattice truss core sandwich
beams fabricated from titanium, by performing three-point bending tests. Xue and
Hutchinson (2004) numerically investigated the dynamic response of pyramidal truss
sandwich panels under blast loads and compared the results with the monolithic plates,
square core sandwich panels, and corrugated core sandwich panels, having the same mass.
They have found that the square honeycomb and corrugated core sandwich panels
performed better than the pyramidal lattice truss core sandwich panel under the blast
loads, but all three types of sandwich panel outperformed the similar mass monolithic
plates, demonstrating the effectiveness of lightweight sandwich panels for blast
protection of structures.
The regular cellular core structures discussed above exhibit positive Poisson’s
ratio under compression and tension loads. Recently, researchers have been developing
negative Poisson’s ratio cellular core structures, which have shown a better blast and
impact resistance performance due to their negative Poisson’s ratio effect than the regular
cellular core structures. In the next sections, the negative Poisson’s ratio (NPR) cellular
core structures, their performance, up to date findings and gaps in the research of NPR
structures are presented.
2.2.3 Auxetic cellular core sandwich panels
The core of the auxetic cellular core sandwich panels is composed of auxetic unit
cells that are periodically arranged in 2D or 3D arrays. The auxetic unit cell topologies
exhibit negative Poisson’s ratio (NPR) behaviour under compression or tension loads.
Poisson’s ratio is defined as the ratio between the transverse strain to the axial strain, is
positive for most conventional materials. When a conventional material is stretched in the
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axial direction, it gets thinner in the transverse direction; and it gets longer in the
transverse direction when it is compressed, due to the positive Poisson’s ratio. However,
the NPR structures have completely different behaviour under compression. They
become larger when stretched and vice versa for compression as illustrated in Figure 1.2.
For isotropic linear-elastic materials, the Poisson’s ratio is between -1 and 0.5 to
satisfy the requirement for Young's modulus, the shear modulus and bulk modulus to have
positive values (Fung, 1965, cited in ref. (Lim, 2015)). However, in 1848, Saint-Venant
was the first person to suggest that Poisson’s ratio of anisotropic materials might be
negative. Experimental evidence regarding the NPR materials is provided for pyrites
(Love, 1927, cited in Lim, 2015). The most important geometry for this study, which is
re-entrant honeycomb, was first studied by Gibson in 1982. In 1987, Roderic S. Lakes
did the pioneering work by fabricating NPR foams. Even though evidence of NPR
materials was reported in these early years, application of the term ‘Auxetic structures’
for NPR structures was first invented by K. E. Evans in 1991 (Lim, 2015). In 1992,
Yeganeh-Haeri et al. found that the silicon dioxide polymorph, which is a natural NPR
material, shows negative Poison’s ratio (cited in Lim, 2015).
As a result of this extraordinary property of NPR (auxetic) structures, many
researchers have conducted experimental and numerical studies and have demonstrated
their enhanced mechanical properties such as indentation resistance, shear resistance,
fracture toughness, impact, and blast resistance. The high energy absorption of NPR
structures has led to many applications in biomedical engineering, the sports industry,
civil and mechanical engineering and especially in military applications (Kolken and
Zadpoor, 2017; Liu, 2006; Saxena et al., 2016). The auxetic cellular structures can be
classified into three groups, namely re-entrant type, chiral type and rotating units. The
auxetic unit cell topologies and the geometries of these three groups are described in detail
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with their features in the review papers by Saxena et al. (2016), Kolken and Zadpoor
(2017) and Álvarez Elipe and Díaz Lantada (2012). Figure 2.6 shows several widely used
re-entrant type auxetic unit cell topologies and cores which have been used as the cores
for sandwich structures under blast and impact loads. Some examples of chiral structures
and rotating unit auxetic structures are also shown in Figure 2.6.

Figure 2.6. Examples of auxetic cellular core structures
Researchers have been trying over the past two decades, to implement these
auxetic structures to generate cores for sandwich panels that have high-energy absorption
capability and high impact resistance. However, the studies have so far been limited to
numerical investigations and a limited number of experimental and analytical
investigations. The relatively complex geometrical shapes of auxetic structures led to
relatively complicated fabrication processes and fabrication difficulties. As a result of
this, experimental investigations and research to understand the response of auxetic
sandwich structures for different applications, especially for blast and impact load
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protection structures, have been limited to a few geometrical shapes. With the
development of additive manufacturing techniques, the fabrication of complex auxetic
structures using polymeric material has further progressed the research to improve their
energy absorption capability and other mechanical properties. However, the use of
polymeric auxetic structures is limited to several applications such as the sports industry
and biomedical applications. Therefore, the use of auxetic structures for blast and impactresistant structures will require new manufacturing techniques for metallic auxetic
structures for large scale experiments. In the following sections, the studies conducted
using auxetic structures to mitigate blast and impact loads, as well as their findings, are
discussed, and the areas and problems that need further research are identified.
2.2.3.1 Re-entrant honeycomb cored sandwich panels
Among auxetic structures, the re-entrant honeycomb core structure is the most
widely used auxetic core geometry. The unit cell geometry of its core is also known as
re-entrant honeycomb and is derived from the hexagonal honeycomb geometry by
moving right and left side vertices towards the centre of the unit cell as shown in Figure
2.7(a). Figure 2.7(a) also shows the design parameters that affect the mechanical
properties of re-entrant structures.

Figure 2.7. (a) Re-entrant honeycomb unit cell geometry and design parameters; and
(b) re-entrant honeycomb core sandwich panel (Yang et al., 2018)
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Due to the concave shape of the unit cell geometry, re-entrant honeycomb
structures are difficult to fabricate in large scale using available conventional fabrication
methods. 3D printing technology, using polymeric materials, has been used extensively
for the fabrication of these structures for prototype testing and for preliminary studies to
identify mechanical properties under quasi-static compression and tension. The use of
these structures for the sports industry and biomedical engineering applications have
increased due to the simplicity of fabrication using 3D printing technology since these
applications require polymeric materials in reduced-scale versions of the structures.
However, large-scale metallic structures are required for blast and impact mitigation
purposes to sustain the high impulsive loads.
The relative density and Poisson’s ratio are the most important parameters that
describe the porosity of cellular structures and the material movement of the auxetic
cellular structure during the compression and tension loading. Several expressions were
derived in the literature to calculate the relative density and Poisson’s ratio of a re-entrant
honeycomb geometry. The relative density is the ratio between the effective density of
the structure (i.e. the mass of the structure divided by the volume of the cuboid) and
density of the material which is used to fabricate the structure. Moreover, it can be defined
as the ratio of the volume occupied by the structure to the total volume occupied by the
overall structure. Also, it can be denoted as the ratio between the area occupied by
structure to the total area (Imbalzano et al., 2018; Kucewicz et al., 2018). By considering
the simple mechanics and approximating cell walls as beams, Eq. 2.2, that was initially
derived by I.G. Masters and K.E. Evans in 1996, has been used by most of the researchers
(Ingrole et al., 2017; Jin et al., 2016; Masters and Evans, 1996; Qi et al., 2013a; Yang et
al., 2013b; Zhang and Yang, 2016).
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𝜌𝜌̅ =

1
𝑡𝑡(ℎ + 2𝑙𝑙)
2 𝑙𝑙(ℎ + 𝑙𝑙 sin 𝜃𝜃) cos 𝜃𝜃

Eq. 2.2

where 𝑡𝑡 is the wall thickness, ℎ is the base length, 𝑙𝑙 is the length of the inclined

wall and 𝜃𝜃 is the re-entrant angle as shown in Figure 2.7(a). For design purposes and

preliminary designs, this analytical expression can be used to calculate the relative density
of a re-entrant honeycomb structure. The relative density can be easily altered by
changing the wall thickness. The derivation of the above formula can be found in ref
(Imbalzano et al., 2018). As is described in the previous paragraph, the relative density
can be calculated by dividing the area occupied by materials by the total area. When
calculating the area occupied by material, half of the cell wall thickness is used as each
cell wall is shared by surrounding unit cells. When sheet metal forming is used to fabricate
re-entrant honeycomb core structures, the thickness of the horizontal wall sections will
be doubled as the thickness of the inclined wall as one folded metal sheet is glued to the
other sheet to create the total unit cell geometry. In that case, Eq. 2.2 can be modified to
calculate the relative density. Poisson’s ratios, 𝑣𝑣𝑥𝑥𝑥𝑥 and 𝑣𝑣𝑦𝑦𝑦𝑦 , of the re-entrant unit cell are

not similar as it shows highly anisotropic behaviour. However, in most of the studies,

Poisson’s ratio of 𝑣𝑣𝑥𝑥𝑥𝑥 is considered as the load is applied in 𝑦𝑦 direction as well as the unit

cells are arranged in this way in the core (see Figure 2.7(b)). 𝑣𝑣𝑥𝑥𝑥𝑥 for the re-entrant unit

cell can be calculated analytically from Eq. 2.3 and it also uses the geometrical parameters

of the unit cell (Yang et al., 2013b). This analytical expression was derived and verified
by Gibson and Ashby for regular honeycomb structures under uniaxial compression
(Bitzer, 1997; Ingrole et al., 2017).

𝑣𝑣𝑥𝑥𝑥𝑥

𝜀𝜀𝑥𝑥
−(cos 𝜃𝜃)2
=− =
𝜀𝜀𝑦𝑦 �ℎ − sin 𝜃𝜃)� sin 𝜃𝜃
𝑙𝑙
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Eq. 2.3

However, Poisson’s ratio for auxetic structures varies with the increase of
compressive strain. Wan et al. (2004) showed that negative Poisson’s ratio of auxetic
honeycombs is not a constant value at large deformations and it varies largely with the
strain (Qing-Tian and Zhi-Chun, 2010). Variation of the negative Poisson’s ratio of the
re-entrant honeycomb core sandwich panel under compression has been evaluated by Qi
et al. (2017) and Imbalzano et al. (2018). They calculated the effective Poisson’s ratio
(EPR) of the re-entrant honeycomb sandwich panel by considering the displacements of
the four representative points as shown in Figure 2.8. In the equation for EPR calculation,
𝜀𝜀𝑥𝑥 and 𝜀𝜀𝑧𝑧 are the strains at the time of 𝑣𝑣𝑧𝑧𝑧𝑧 being calculated, 𝐶𝐶𝑥𝑥 and 𝐷𝐷𝑥𝑥 are the
displacements of C and D points in the X-direction, and 𝐵𝐵𝑧𝑧 and 𝐴𝐴𝑧𝑧 are that for Z-direction,

and ℎ and 𝑙𝑙 are the distance between the nodes of C, D, A and B. Results of the studies

of EPR have shown that the EPR of the re-entrant core is always negative and varies with
strain as well as with the strain rate under both impact and blast loadings (Qi et al., 2017).

Figure 2.8. Illustration of four representative nodes used for the EPR calculation and
equation to calculate EPR (Qi et al., 2017)
Elastic wave propagation characteristics in sandwich panels consisting of reentrant and conventional hexagonal cores sandwiched between two metal sheets have
been studied by using a semi-analytical finite element method and cellular material theory
31

by Qing-Tian and Zhi-Chun (2010). They have studied the effect of geometrical
parameters on the mechanical properties and showed that these parameters have a great
influence on those properties. Yang et al. (2011) has numerically studied the energy
absorption capacity of the re-entrant core by using LS-DYNA code. They have considered
steel re-entrant honeycomb sandwich panels, and the load-displacement behaviour was
analysed under rigid body crushing to study the energy absorption. The long plateau
region was observed in the load-displacement curve indicating the high energy absorption
by the re-entrant honeycomb core (Yang et al., 2011). Qi et al. (2013a) used LS-DYNA
finite element software to numerically investigate the dynamic performance of three types
of auxetic geometry namely conventional, re-entrant honeycomb and rectangular, under
the ballistic projectile impact. They found that re-entrant honeycomb shows the best
performance among these auxetic structures and used that geometry for further
optimisation of design parameters using parametric studies. They considered the effects
of face sheet thickness, core thickness, relative density, unit cell angle, and base length
on the performance; and showed that the cell configuration greatly affects the dynamic
response of the core. Increasing the face sheet thickness and relative density of the core
could lead to a decrease in residual velocity of the projectile. Finally, they proposed the
optimum geometry for ballistic resistance as 6mm base length with 60 degrees of angle
re-entrant cell (Qi et al., 2013a).
Yang et al. (2013b) performed similar work as Qi et al. (2013a) to further
investigate the performance of re-entrant honeycomb core sandwich (RHS) panels under
ballistic impact. In their study, they used aluminium foam core sandwich panel (AFP) to
compare the results with the RHS panel. They developed LS-DYNA models for both
panel systems and performed parametric studies to identify the effect of impact velocity,
face and core thicknesses and relative density on the ballistic resistance. This study further
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proved the excellent energy absorption and material concentration capability of re-entrant
core over the AFP and the parametric study provided the evidence for the effect of
geometrical parameters on the performance of the RHS panel. The results of this study
concluded that RHS panel shows better performance up to a certain impact velocity but
after that, it shows reduced performance due to the reduction of NPR behaviour as the
auxetic core does not get adequate time to react. Furthermore, increasing the face sheet,
core thickness and core density could increase the ballistic resistance, but a thicker face
sheet decreases the contribution from the core (Yang et al., 2013b). Both studies by Qi et
al. (2013b) and Yang et al. (2013b) have suggested further studies for design optimisation
to improve the performance of re-entrant structures for impact and blast applications.
Hou et al. (2016) developed an analytical expression for the dynamic crushing
strength of RHS panel under low and high-velocity impact based on the periodic collapse
mechanism of cell structures and validated that model with numerical results obtained
from LS-DYNA. Crushing strength can be calculated from the ratio of the impact force
between the structure and the base plate to the original area of force applied to the auxetic
structure. The initial part of the curve up to the first peak is linear that could be attributed
to the elastic deformation of the core. After that, it drops and fluctuates due to the
collapsing of cells and large deformation of vertical walls, and that region continues at
approximately constant stress, which is termed the dynamic crushing strength. After all
the cells have collapsed and contacted each other, stress begins to increase monotonically.
The region of the long plateau is important as it directly contributes to the energy
absorption of the structure. The results of the above study showed that the RHS panel has
higher crushing strength over the conventional honeycomb shape leading to higher energy
absorption than conventional hexagonal.
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Imbalzano et al. (2018) performed a numerical analysis to investigate the dynamic
behaviour of RHS panel systems under impulsive loadings, and the results were compared
with the equivalent conventional honeycomb core sandwich panel (ECP) system. They
used ABAQUS finite element software for simulations and conducted parametric studies
to investigate the effect of a number of layers through the thickness direction, re-entrant
ℎ

angle (𝛼𝛼 = 90° − 𝜃𝜃) and the ratio between base length and throat width ( ℎ1 ) on the
performance. Furthermore, they studied the variation of Poisson’s ratio of a single unit

cell for small deformations and that of the combined core for high-strain rates. An
empirical model, which considered the crushing strength (𝜎𝜎�) and locking strain (𝜀𝜀𝐷𝐷 ) was

used for the validation of the finite element model even though that empirical model was
most suitable for regular cellular structures. Imbalzano et al. (2018) found that the unit
cell with higher 𝛼𝛼 angle and lower length ratio shows higher negative Poisson’s ratio as
well as higher crushing strength, which indicates that a more slender structure offers

higher impact resistance. Moreover, the results showed that the increasing number of
layers slightly increased the effective Poisson’s ratio of the core without changing the
deformation behaviour under the load. Furthermore, it was found that the energy
absorption of the panel could be increased by increasing the number of layers of the core.
Re-entrant unit cell with larger 𝛼𝛼 and length ratio would benefit blast and impact
resistance, but the early buckling effect of cell walls needs to be addressed.

Jin et al. (2016) numerically investigated the dynamic response and blast
resistance of RHS panel systems using LS -DYNA software. In their study, the effect of
graded re-entrant cores with different wall thickness and the effect of orientation of the
cores, such as regular-arranged and cross-arranged core sandwich panels, under various
standoff distances have been considered. The effect of the wall thickness of the re-entrant
unit cell has been studied, and it has been found that the re-entrant unit cell with 0.6 mm
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thick walls showed the best performance by absorbing more energy. Moreover, the
dynamic behaviour of different combinations of graded auxetic panels has been analysed
by changing the thickness of the core layers and orientation of the cells. By observing the
deflection distribution along the X and Y directions, Jin et al. (2016) concluded that the
RHS panel systems have better bending resistance along the longitudinal direction (Y)
than the transverse direction (X). The same conclusion has been made by conducting
impact and field blast experiments for the RHS panel by Qi et al. (2017).
Zhang and Yang (2016) carried out a preliminary study of the mechanical
properties of the RHS panel systems by conducting experimental and numerical
investigations. Parametric studies have been performed to analyse the effect of unit cell
internal angle and the relative density of the core on the Poisson’s ratio, the load bearing
capacity and the dynamic performance of the RHS panel systems. MSC/Nastran software
was used for the finite element modelling and it has been shown that the ultimate bearing
capacity of the re-entrant core is scaled independently when the Poisson’s ratio and
relative density are constant. Moreover, this study shows that the re-entrant core
consisting of thinner walls and with Poisson’s ratio greater than -1.5 would perform better
under dynamic loadings. Li et al. (2018b) performed the numerical analysis to study the
in-plane crushing behaviour of regular honeycomb, re-entrant and mixed honeycomb
structures. By observing the energy absorption of cellular structures, they reached the
same conclusion as Zhang and Yang (2016), which was the re-entrant honeycomb with
thicker walls had the weaker ability to absorb energy (Li et al., 2018b).
Even though there are many research studies available in the literature on the
performance of re-entrant honeycomb core sandwich panels under blast and impact loads,
most of them are numerical or prototype testing studies. Also, some of the numerical
models were validated using empirical or analytical formulas. Overcoming difficulties in
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fabricating large-scale auxetic structures, Qi et al. (2017) performed experimental
investigation followed by numerical analysis using LS-DYNA for RHS panel systems
under impact and blast loads. They performed drop hammer tests and field blast trials for
sandwich panels with a side length of 500 mm and 100 mm core thickness, which had 4
layers in the thickness direction. The core of the panel was made from aluminium alloy
and the top of the sandwich panel was covered by a steel plate to avoid local damage to
the core. Finite element models were developed for both drop hammer and blast tests and
validated with the experimental results. The results of this study showed the effectiveness
of the re-entrant honeycomb over the regular hexagonal shape by demonstrating the
material concentration ability of the auxetic core in the vicinity of the impact zone (see
Figure 2.9). By investigating the energy absorption of sandwich panels, it has been found
that the cover plate could help to enhance the energy absorption of both hexagonal and
re-entrant sandwich panels by a factor of 2.5 and that the re-entrant auxetic core absorbs
19.1% more energy than the hexagonal core.

Figure 2.9. Deformed re-entrant honeycomb sandwich panel after drop weight impact
test (adapted from Qi et al., 2017)
2.2.3.2 Sandwich panels with arrowhead type 1 cores
The arrowhead type 1 configuration, also known as a 2D re-entrant triangular
shape, was originally proposed by Larsen et al. (1997) through the numerical topology
optimisation method. Figure 2.10 shows the design configuration for arrowhead type 1
and its design parameters. Three variables could be enough to describe the design: 𝜃𝜃1 , 𝜃𝜃2
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and height. Unit cell walls or members associated with the larger angle (𝜃𝜃2 ) are denoted

as tensor members and members associated with the smaller angle (𝜃𝜃1 ) are denoted as

stuffer members. Ma et al. (2010) have performed numerical studies to investigate the

effect of the design parameters 𝜃𝜃1 and 𝜃𝜃2 on the Poisson’s ratio of the arrowhead type 1

core and found that NPR significantly varies with these two angles. For instance, NPR
could change from -0.96 to -7.4 for the unit cell design ranging from 𝜃𝜃1 = 60° and 𝜃𝜃2 =

120° to 𝜃𝜃1 = 30° and 𝜃𝜃2 = 60° .

3D re-entrant triangular unit cell design was developed based on the 2D shape and

is widely used to develop auxetic sandwich panels to resist blast and impact loads (Ma et
al., 2010; Ngo et al., 2015). There is no research on the use of 2D arrowhead type 1
configuration to develop large scale sandwich panels under blast and impact loads but
there are a few publications in the literature for prototype panel testing to identify the
static and dynamic response of the arrowhead type 1 shape under compression (Álvarez
Elipe and Díaz Lantada, 2012; Liu and Ma, 2007).

Figure 2.10. Unit cell geometry and design parameters for arrowhead type 1
2.2.3.3 Sandwich panels with star auxetic cores
The star shape auxetic core structures have several variations, namely re-entrant
star-3, re-entrant star-4 and star-6; the number denotes the order of rotational symmetry.
Grima et al. Grima et al. (2005) have studied the mechanical behaviour of star shape
structures using a technique called EMUDA, which is a force-field based method. The
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auxetic behaviour of this shape occurs due to the star shape opening and it highly depends
on the hinging spring constant of the connections (Saxena et al., 2016). It has been found
that the auxetic behaviour of these shapes increases from star-3 to star-6, while star-3
configuration shows both negative and positive Poisson’s ratio behaviour (Kolken and
Zadpoor, 2017; Saxena et al., 2016). There is no evidence found in the literature regarding
the use of star shape core sandwich panels under blast and impact loads. This could be
attributed to the complexity of fabrication of the unit cell topology.
2.2.3.4 3D auxetic core sandwich panels
Three-dimensional auxetic geometries have been developed because unlike 2D
auxetic geometries, 3D auxetic structures show isotropic mechanical properties.
Components of the unit cell geometry are mostly truss or frames with different crosssectional shapes. Most of the research studies on 3D auxetic structures under dynamic
loads were numerical due to the difficulties in fabrication but a few experimental
investigations were found in the literature. 3D re-entrant honeycomb geometry based on
2D re-entrant honeycomb (see Figure 2.11) has been developed and the dynamic response
has been studied numerically under impact and blast loads by Imbalzano and co-workers
(Imbalzano et al., 2016a; Imbalzano et al., 2015; Imbalzano et al., 2016b). A 3D re-entrant
triangular geometry based on 2D re-entrant triangular shape was developed by Ma et al.
(2010) and used to investigate the dynamic performance under impact and shock tube
testing. The same geometry has been used to study the dynamic performance numerically
under blast loading by Ngo et al. (2015).
Ngo et al. (2015) found through their study that aluminium is a better material
than steel for constructing the auxetic core as it reduces the stiffness of the core and
increases the energy absorption. Numerical studies conducted by Imbalzano et al. (2016b)
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showed the effectiveness of the proposed geometry and NPR structures to mitigate blast
and impact loads better than the same mass monolithic panels.

Figure 2.11. Schematic diagram of the auxetic composite sandwich panel with 3D reentrant honeycomb unit cells (Imbalzano et al., 2016a)
2.2.4 Auxetic sandwich panels with filled cores
The major problems associated with the auxetic core structures are the complexity
of their geometry that gives fabrication problems, and early core crushing and buckling
of cell walls that reduce the strength and energy absorption of the core (Imbalzano et al.,
2018; Ngo et al., 2015). The complexity problem associated with the designs can be
avoided with new fabrication technologies such as additive manufacturing, 3D Printing,
laser melting, extrusion and by using specially designed machines, but these fabrication
methods increase the fabrication cost of sandwich structures. However, the main problem
associated with 3D printing technology is that it takes several days to print a few
centimetres of a panel and it mainly uses polymeric materials. More details and problems
associated with fabrication techniques are discussed in Chapter 4.
To overcome the issue with early core crushing and cell wall buckling, the voids
of the auxetic core could be filled with a lightweight material that has energy absorption
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capability (Mozafari et al., 2014; Ngo et al., 2015). Several experiments and numerical
investigations have been done for corrugated core and hexagonal core sandwich panels
(Mozafari et al., 2014; Vaziri et al., 2006; Yazici et al., 2014; Zhang et al., 2016), but
very little research has been done on auxetic core sandwich panels with filler materials.
Mozafari et al. (2014) investigated the mechanical properties and compression
response of aluminium hexagonal honeycomb core filled with polyurethane foam of
different densities using experimental tests followed by numerical analysis using
ABAQUS software. They found that filler material could enhance the energy absorption
and significantly increase the mean crushing strength compared to the hexagonal
honeycomb sandwich panel without filler materials. For instance, their studies showed
that the foam filling of a honeycomb could increase its mean crushing strength up to 208
times and specific energy absorption up to 20 times compared to the unfilled honeycomb
structure.
Yazici et al. (2014) performed experimental and numerical investigations on
foam-filled corrugated steel core sandwich panels under blast loads. It was found that the
foam-filled corrugated core sandwich panels could reduce the front and back face sheet
deflections by more than 50% compared to the unfilled corrugated core sandwich panels
while maintaining a weight increment of 2.3% due to the foam filling of the panel. Zhang
et al. (2016) performed an experimental investigation on the dynamic response of
polyvinyl chloride (PVC) foam-filled steel corrugated core sandwich panels under air
blast loadings. Figure 2.12 shows the final deformation of the foam filled corrugated core
sandwich panel under the blast loads. The effect of the foam filling strategies such as
frontal corrugated layer filling, back layer, or full core filling on the blast performance of
sandwich panels was considered in their study. Their results showed that the front layer
filling strategy is not effective, but the back layer and full core filling strategies would
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increase blast resistance by reducing the back-face sheet deflection compared to the
empty sandwich panels with same areal density. Results of this research further proved
the results of Yazici et al. (2014) about the effectiveness of foam filling in improving the
blast resistance of sandwich panels.

Figure 2.12. Response of the foam filled corrugated sandwich panel under blast loads
(Zhang et al., 2016)
Vaziri et al. (2006) numerically investigated the effect of foam filling on steel
square honeycomb and folded plate core sandwich panels under crushing and impulsive
loads. However, they concluded that there was no added advantage of filling voids of the
cores from polymeric foams over the unfilled cores with the same mass. However, they
showed that the filler materials have done their main job, which is strengthening the cell
walls to avoid early cell wall buckling.
Few publications can be found in the literature regarding the use of foam filling
strategy to improve the blast and impact resistance properties of the auxetic sandwich
panel systems. Ma et al. (2010) used polymer foam to fill the small-scale metallic 3D reentrant triangular core sandwich panel and tested it under impact loading. Their tests
results showed that the impact transferred to the load cell reduced by 36% and
deformation of the auxetic core reduced by 70% while only increasing the mass of the
panel by a small amount. Ngo et al. (2015) have done a case study to numerically
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investigate the blast resistance performance of auxetic polyurea elastomer filled core
sandwich panel systems. The 3D re-entrant triangular geometry was used for their study
in a 30 mm thick aluminium core sandwich panel with four auxetic layers. The results
showed that the filled core sandwich panel significantly reduced the impact force
compared to the empty core sandwich panel by increasing the ductility of the aluminium
core. Strek et al. (2015) investigated the influence of filler material on the effective
mechanical properties and dynamic properties of filled re-entrant honeycomb and rotating
square under compressive loads and found interesting characteristics and dynamic
properties, moreover, they demonstrated the ability to use incompressible filler materials.
Most of the studies from the above-mentioned studies on the filled corrugated and
honeycomb core sandwich panels suggest that the core filling of the sandwich panels
increases the energy absorption capacity and the crushing strength of the sandwich panel
systems. Moreover, a few studies found that the back face sheet deflections of the
sandwich panels can be minimised. However, one study concluded no added advantage
of the core filling of sandwich panels under impulsive loads. Furthermore, a very limited
number of studies were conducted to understand the effect of core filling on the auxetic
core sandwich panels under blast loads. Thus, there is a requirement for research on the
blast resistance performance of filled auxetic core sandwich panels to further understand
the effect of core filling. To fill this gap in the research for filled auxetic structures, foamfilled auxetic sandwich panels were developed and tested under close-in blast loads and
the results are presented in Chapter 6.
2.3 CHAPTER SUMMARY
This chapter first described the blast loads and blast phenomena and prediction of
blast loadings on structures. Then the lightweight protective systems were discussed
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starting from the regular cellular core sandwich panels to novel auxetic core sandwich
panel systems pointing out the problems and gaps in the research where further studies
are required.
These studies show the importance and effectiveness of the lightweight cellular
sandwich panels to protect structures from blast and impact loads compared with heavy
thick monolithic plates. Furthermore, the studies on the use of filler materials to improve
the dynamic performance through delaying the early crushing and buckling process of
auxetic cell walls, while taking the advantage of NPR behaviour also showed promising
results. A limited number of studies is found in the literature for filler materials with NPR
core sandwich panels. There are unclear areas and also contradiction points in the
literature, which need more research for a better understanding of these structures under
blast and impact loads. Most of the research found in the literature on the performance of
NPR core structures under the blast and impact loads is numerical and on experiments
using small-scale sandwich panels. Hence, there is a further need for large-scale studies
on auxetic sandwich panel systems under realistic blast and impact loading scenarios.
This study aims to contribute to research efforts to fill in this important need in the
literature.
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CHAPTER 3 QUASI-STATIC RESPONSE OF REDUCED SCALE
AUXETIC STRUCTURES
3.1 OVERVIEW
As described in the literature review (Chapter 2), several types of 2D and 3D
negative Poisson's ratio (NPR) (auxetic) unit cell topologies exist and can be used as a
core structure for sandwich panel systems. The different NPR unit cell topologies show
different performance and mechanical properties, which vary with the design parameters
that govern the unit cell configuration. Furthermore, new NPR cell topologies can be
designed and developed by altering the unit cell configurations and parameters to
maximise the performance of these structures (Ingrole et al., 2017; Ma et al., 2010; Ren
et al., 2018b; Saxena et al., 2016). Most of the NPR unit cell topologies have complex
shapes, which create practical problems for fabricating those NPR core structures for
practical applications. However, with the recent improvements in additive manufacturing
techniques, such as 3D printing, the fabrication of NPR structures has become more
obtainable.
To help develop a high-performance NPR protective system, this chapter outlines
the performance characterisation of five different NPR unit cell topologies based on a
quantitative/qualitative review of load-deformation relationships and energy absorption
capacities of three-dimensional-printed auxetic panels from Nylon plastics. The primary
objective of assessing the load-deformation relationships of different NPR topologies was
the selection of suitable auxetic unit cell topology for the development of large-scale NPR
protective system. Numerical models were developed for all NPR configurations, and
results were validated using the experiments load-displacement relationships and moods
of deformation.
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3.2 NPR UNIT CELL TOPOLOGIES AND PREPARATION OF REDUCED
SCALE AUXETIC PANELS
Five auxetic unit cell configurations, which have shown good auxetic behaviour,
energy absorption and a long plateau stress region, were selected from the available
auxetic unit cell configurations based on the literature review. The selected auxetic
topologies are arrowhead type 1, re-entrant honeycomb, arrowhead type 2, star-4, and
missing-rib-cut designs. Figure 3.1 shows the schematic views of the selected auxetic
configurations with design parameters that govern the shape of the configuration. The
arrowhead type 1, re-entrant honeycomb and arrowhead type 2 topologies were selected
due to reported excellent performance, high NPR behaviour and relatively easy
fabrication capability. The star-4 and missing-rib-cut topologies have slightly complex
shapes that makes their fabrication quite difficult. Even though the star-4 topology has
been classified as an auxetic topology (Kolken and Zadpoor, 2017; Mir et al., 2014;
Saxena et al., 2016), a few studies conducted on the star shape topologies have reported
that it has relatively less auxetic performance than the other star shape topologies. Thus,
the star-4 topology was selected to validate its NPR behaviour and compare its
performance with other 2D auxetic topologies. The missing-rib-cut topology has not been
investigated previously as a core structure for protective systems. It was selected for this
study as Koudelka et al. (2016) reported a stable load-deformation relationship for this
topology.
The most important part of this investigation was the selection of overall
dimensions, number of layers and the wall thickness of the prototype auxetic panels. It
was decided to use 3D printing technology to fabricate the auxetic panels using Nylon
material, which enables easy fabrication of complex auxetic shapes like the star-4
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topology. Nylon is one of the most widely used engineering plastics and has
comparatively high tensile strength. Further, it also demonstrates significant rigidity
compared to the other polymer materials as well as, most importantly, showing
elastoplastic behaviour. Printing times of the auxetic panels varied with auxetic topology
and significantly increased when the overall dimensions were increased. As discussed in
the literature (Chapter 2), the unit cell wall thickness and number of layers have a high
influence on the performance of auxetic structures. Thus, it was decided to maintain a
constant thickness and number of layers for all the auxetic panels.

Figure 3.1. Schematic views of selected auxetic topologies: (a) arrowhead type 1; (b)
star-4; (c) re-entrant honeycomb; (d) missing-rib-cut; and (e) arrowhead type 2
A preliminary numerical study was performed for the auxetic panel with reentrant honeycomb unit cells to decide the number of layers. The number of layers was
varied from three layers to six layers, and it was found that the 3D printed panels with
four or more layers exhibited unstable auxetic behaviour as shown in Figure 3.2. Initially,
the auxetic panels showed a slight auxetic effect, but eventually, it started to flow in one
direction. To validate preliminary numerical results, an auxetic panel consisting of re46

entrant honeycomb unit cells with four layers was fabricated and tested under quasi-static
compression loads, and the experimental results are included in Figure 3.2. The
experimental results clearly showed unstable auxetic behaviour, which validated the
preliminary numerical results. Therefore, this study with different auxetic topologies was
performed based on the auxetic panels with three layers. The unit cell wall thickness was
taken as 1.5 mm, which was selected considering the minimum thickness that can be
printed from the 3D printer as well as the surface quality of printed specimens.

Figure 3.2. Unstable auxetic behaviour of reduced scale auxetic panels with more than
four layers made from Nylon: (a) experimental - four layers; (b) numerical - four
layers; (c) numerical - five layers; and (d) numerical - six layers
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All the reduced scale auxetic panels were designed and created using the 3D solid
modelling software. The overall dimensions of the auxetic panels were selected
considering the available working space of the 3D printer used to fabricate the auxetic
panels. Table 3.1 shows the overall dimensions and mass of the printed auxetic panels.
The width (y) of the panels (length in the direction to unit cell axis) was taken as 50 mm
and was selected to prevent out-of-plane deformations of the panel and to keep a constant
area of loading. This width can be increased, but it will also increase the printing times
of the panels. The panels were not designed with similar masses due to the practical
difficulties of designing and printing while maintaining a constant wall thickness and
number of layers.
Table 3.1. Overall dimensions and mass of the 3D printed auxetic panels
Auxetic panel
(Topology)

Length, x
(mm)

Width, y
(mm)

Height, z
(mm)

Mass (g)

Arrowhead type 1

189

50

75

200.3

Star-4

196

50

85.5

217.8

Re-entrant
honeycomb

195

50

73.5

142.5

Missing-rib-cut

189

50

82.5

158.2

Arrowhead type 2

189

50

75

147.6

Ultimaker 3 Extended 3D printer was used to fabricate all the specimens. Figure
3.3 shows a view of the 3D model and the printing process. A raft from the same material
was printed on the deck of the printer before printing specimens to avoid the models
pulling away from the printing base due to thermal contractions. Some of the specimens
had surface roughness caused by the printing process. However, the influence of surface
quality on the results was not observed. Figure 3.4 shows the views of the 3D printed
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auxetic panels before testing. One specimen from each auxetic topology was printed for
this study.

Figure 3.3. (a) Solid 3D model of re-entrant honeycomb cored panel, and (b) 3D
printing of an auxetic panel
Table 3.2. Values for design parameters of each auxetic topology

Auxetic panel
(topology)

Height, Width, w
h (mm) (mm)

Internal
angle, θ
(degrees)

Areal
Thickness,
density
t (mm)
(g/cm2)

𝜃𝜃1 =
48

𝜃𝜃2 =
119

1.5

0.246

𝜃𝜃2 =
75

1.5

0.123

Arrowhead type 1 22

27

Star-4

28

𝑤𝑤 =
28

𝑤𝑤1 = 𝜃𝜃1 =
16
60

Re-entrant
honeycomb

24

𝑤𝑤 =
28

𝑤𝑤1 =
58
20

1.5

0.173

Missing-rib-cut

27

27

45

1.5

0.176

Arrowhead type 2 24

27

61

1.5

0.181
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Figure 3.4. Fabricated auxetic specimens
Table 3.2 shows the values for design parameters for each selected auxetic
topology used in this study. These values were selected considering the number of layers,
the working space of the 3D printer, and the design recommendations found in the
literature. Arrowhead type 1 topology was chosen by referring to the work performed by
Ma et al. (2010), Ngo et al. (2015) and Yang et al. (2018). Arrowhead type 2 is a variation
of arrowhead type 1 topology and was selected due to the relatively easy design topology.
The re-entrant honeycomb topology is widely known as an auxetic topology and has been
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used for many studies. The design parameters of the re-entrant honeycomb topology were
selected based on the study performed by Qi et al. (2017). Missing-rib-cut and star-4
topologies were selected by referring to Kolken and Zadpoor (2017) and Koudelka et al.
(2016), and their design parameters were adapted to match the printing space of the 3D
printer and size of the other auxetic panels.
3.3 EXPERIMENTAL SET-UP
The 3D printed auxetic specimens (shown in Figure 3.4) were tested under the
quasi-static compression loading using a steel restraining frame and experimental set-up
as shown in Figure 3.5. The steel restraining frame was used to keep the specimens in
position and to prevent the movement of the loading plate while applying the load. It
consisted of the side vertical walls and the bottom plate, which were fixed, and the toploading plate which could be moved. First, an auxetic specimen was positioned on the
steel restraining frame between the sidewalls, and then, the top plate was placed on top
of it. The main reason to use the top plate was to uniformly distribute the applied loading
over the auxetic structure.

Figure 3.5. Steel restraining frame and experimental set-up for quasi-static
compression tests
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Instron 3367 Universal Testing Machine was used to perform all the tests. The
uniaxial compressive load was applied to the top plate to maintain a constant speed of 1
mm/min of the top plate as shown in Figure 3.5. Vertical load-displacement data were
recorded for each auxetic specimen until full densification of the auxetic panel occurred.
The point where the full densification occurred was identified when the load started
increasing rapidly without significant deformation. The auxetic panel’s deformation
sequence was recorded using a digital camera.
3.4 EXPERIMENTAL RESULTS AND DISCUSSION FOR QUASI-STATIC
COMPRESSION TESTING
Experimental load-displacement relationships of the auxetic panels under quasistatic compression load have been compared, as shown in Figure 3.6, to evaluate the most
effective auxetic core topology. Similar to the typical load-displacement relationship of
cellular core sandwich structures, all the auxetic panels showed three regions in the loaddisplacement relationship. The first region was the linear elastic deformation region in
which the load increased linearly with the deformation depending on the panel’s stiffness.
At the end of the linear elastic deformation, the load reached its maximum load that the
auxetic panel could withstand elastically. Then, the auxetic panel started to deform with
relatively high deformation without significant increase of the applied load. In this region,
unit cells of the auxetic panel started to collapse due to plastic yielding, cell wall buckling
and bending. This region, also known as the plateau region, continued until the auxetic
panel was fully densified. After the full densification of the auxetic core, the load started
to rise rapidly. Eventually, the auxetic panel become a solid structure.
Star-4 and missing-rib-cut auxetic panels showed two linear elastic regions
starting from relatively low stiffness followed by a higher stiffness, while the other three
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auxetic panels showed only one linear elastic region. The initial elastic region with very
low stiffness, like other topologies, was due to the initial resistance of the panels, but after
that, the stiffness of the star-4 and missing-rib-cut panels increased with the formation of
another cellular topology which occurred during the unit cell collapsing process when the
adjacent individual layers contacted each other as shown in Figure 3.7. After reaching the
maximum load that the panels could withstand, both panels followed a similar loaddisplacement relationship to the other three panels. From the tested auxetic topologies,
the arrowhead type 1 panel displayed the highest stiffness while the missing-rib-cut
topology showed the lowest stiffness. This can be mainly attributed to the geometric
shape of the auxetic unit cell where the triangular shape unit cell in arrowhead type 1
requires a higher load to achieve per unit deformation than the missing-rib-cut panel.

Figure 3.6. Comparison of experimental load-displacement relationships of 3D printed
auxetic panels
The star-4 and missing-rib-cut panels indicated the highest initial peak force,
which was 3.75 kN, among the auxetic topologies tested. The star-4 panel’s unit cell
collapsing process occurred at a slightly lower load than the maximum initial load and
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force fluctuations can be noticed. The same load as the initial maximum load was
maintained in the unit cell collapsing process of the missing-rib-cut. It also had a short,
smooth plateau region. The arrowhead type 1 and 2 panels showed the third and fourth
highest initial peak loads that the panels can withstand before the unit cell collapsing
process, while the re-entrant honeycomb panel indicated the lowest initial peak load
which was around 1.3 kN. The arrowhead type 1 and 2 both showed load fluctuations
during the unit cell wall collapsing process, and it also occurred at a slightly lower force
than the initial peak force.

Figure 3.7. Unit cell geometries of the star-4 panel during the first and second linear
elastic regions
The re-entrant honeycomb panel showed a very smooth, long and consistent
plateau region compared to the other four designs. The load-displacement curve of the reentrant honeycomb panel also displayed gradual curvature in the elastic region, and a
specific initial peak load cannot be defined. The densification of core cells occurred at
approximately 1.3 kN load, which was maintained in the plateau region without
noticeable fluctuations until the full densification occurred, and then the load started
rising abruptly. The important factors to be considered in the designing and development
of protective structures are the load transferred to the main structure and an initial
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resistance of the protective structure. It can be seen based on the results in Figure 3.6 that
the auxetic panel with re-entrant honeycomb unit cell topology provides higher
effectiveness by controlling the transmitted loads.
The absorbed energy by cellular or auxetic panel under compressive loading is
equal to the area between the load-displacement curve and displacement axis. Thus, the
absorbed energy by the auxetic panels under compressive loading was estimated from the
experimental load-displacement curves by utilising Dplot graphing software. Figure 3.8
compares the experimental absorbed energy-displacement curves for all tested auxetic
panels. The absorbed energy monotonically increased with deformation for all the auxetic
panels. The arrowhead type 1 demonstrated high energy absorption per unit deformation
(slope of the absorbed energy-displacement curve) while the missing-rib-cut panel
displayed the least amount of energy absorption per unit deformation.

Figure 3.8. Comparison of experimental absorbed energy-displacement relationships
for 3D printed auxetic panels
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Figure 3.9. Comparison of experimental absorbed energy per unit mass-displacement
relationships for 3D printed auxetic panels
The energy absorption up to 50 % of the panel’s relative deformation (vertical
displacement / auxetic panel height) and energy absorption just before the densification
starts of all the auxetic panels are summarised in Table 3.3. The 50 % limit for comparison
of energy absorption was selected considering the variations of the total height of auxetic
prototype panels and difficulty of identifying an exact point of full densification. The star4 panel absorbed the highest amount of energy (168.4 Nm) when it deformed by 50 %
from its initial height while the re-entrant honeycomb panel absorbed 44.5 Nm which was
the minimum among the auxetic panels tested. The comparison of specific energy
absorption vs displacement relationships for auxetic panels is presented in Figure 3.9. The
shape and the variation of the specific energy curves were similar to the energy absorption
curves. However, the arrowhead type 2 panel showed higher specific energy absorption
between the initial 25 mm vertical deformation than the other auxetic panels.
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Table 3.3. Energy absorption of auxetic panels

Auxetic topology type

Absorbed energy up to
50% of relative
deformation (Nm)

Absorbed energy just
before densification
starts (Nm)

Arrowhead type 1

135.3

218.5

Star-4

44.5

47.2

Re-entrant honeycomb

73.0

125.5

Missing-rib-cut

168.4

168.7

Arrowhead type 2

52.8

142.1

Another important observation from the quasi-static compression test results for
auxetic panels is the negative Poisson’s ratio behaviour, also known as auxetic behaviour,
of these panels. The auxetic panels contract under the axial compressive loading by
flowing all the materials towards central region and into the loading path. The auxetic
behaviour is very advantageous for blast and impact resistance of structures as it
consolidates the material where the load is applied.
The deformation sequence of auxetic panels under compressive loading is shown
in Figure 3.10. It can be observed that the arrowhead type 1, re-entrant honeycomb and
arrowhead type 2 showed a significant material movement towards the loading path
(central region) as shown in Figure 3.10(a), (c) and (e). The re-entrant honeycomb panel
showed the highest auxetic effect among the tested auxetic panels. The star-4 panel did
not demonstrate the auxetic behaviour under compressive loading, which further proved
the findings of other related studies for star-4 topology (Grima et al., 2005). The missingrib-cut design showed some limited auxetic behaviour under the compressive loading.
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Figure 3.10. Deformation sequence of 3D printed auxetic panels: (a) arrowhead type 1;
(b) star-4; (c) re-entrant honeycomb; (d) missing-rib-cut; and (e) arrowhead type 2
The most suitable auxetic topology for the development of auxetic sandwich panel
system for blast and impact load protection should limit the force transmitted to the main
structure while absorbing most of the energy from blast and impact loading scenario.
Another important factor that should be considered in selecting suitable auxetic topology
is the capability of manufacturing a scaled-up version with relatively simple tools and
technologies. Despite the star-4 and arrowhead type 1 panels being able to resist a much
higher load and absorb much energy than the re-entrant honeycomb panel, the auxetic
panel with re-entrant honeycomb unit cells was more effective for the current study
considering the moderate load, long plateau region, high auxetic behaviour and energy
absorption as well as relatively easy design to manufacture at full scale. However, the
other auxetic designs (arrowhead type 1, missing-rib-cut) could be beneficial for some
other applications such as helmets, footwear and protective amour as they can be
fabricated using additive manufacturing techniques. Considering these factors and results,
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the re-entrant honeycomb topology was selected for further studies using large-scale
experiments.
3.5 NUMERICAL SIMULATIONS OF 3D PRINTED AUXETIC PANELS
3.5.1 Modelling of geometry, boundary conditions, contacts and loading
Non-linear finite element implicit analysis was performed for all the auxetic core
panels under uniaxial compression load using LS-DYNA general-purpose finite element
computer program. An implicit approach was considered due to the nature of loading on
the auxetic panels. The geometry of the auxetic panels was created using AutoCAD
software and exported as IGES format files. The exported geometries were imported into
the LS-PREPOST pre-processor software to develop the models. The walls of the auxetic
panels were modelled using Belytschko-Tsay four-node shell elements with five
integration points through the thickness.

Figure 3.11. Developed LS-DYNA model for the arrowhead type 1 panel
The top and bottom plates and sidewalls of the restraining frame were modelled
using eight-node solid elements with reduced integration formulation in combination with
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the hourglass control to eliminate zero-energy modes. The midplane of the structure was
modelled, and hence offsets were defined in between the top and bottom plates and the
auxetic panel to avoid initial penetrations of the shell elements. A mesh size sensitivity
study was performed, and the load-displacement curves were compared for different mesh
sizes (see Figure 3.12). The shell elements with 3 mm size and solid elements with 5 mm
size were selected for the auxetic panels and the restraining frame respectively. Figure
3.11 illustrates a view of the numerical model created for the arrowhead type 1 panel.

Figure 3.12. Comparison of numerical load-displacement relationships with various
mesh sizes (mesh sensitivity study)
All nodes of the bottom plate were fixed for all degrees of freedom while a
uniform motion of 1 mm/sec was applied for all the nodes of the top plate using the
BOUNDARY_PRESCIBED_MOTION_RIGID_(ID)

keyword

card.

Despite

the

compression tests being conducted with the loading rate of 1 mm/min, numerical
simulations were performed using monotonically increasing compression load with a rate
of 1 mm/sec to reduce the computational time. A verification study in which numerical
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load-displacement results were compared for different loading rates (see Figure 3.13) was
undertaken to confirm that the loading rate did not affect the numerical simulation results.

Figure 3.13. Comparison of numerical load-displacement results for various loading
rates
Surface to surface connections between the auxetic panel and the restraining
frame as well as within the auxetic panel itself were accounted for using the
AUTOMATIC_SURFACE_TO_SURFACE_CONTACT and AUTOMATIC_SINGLE_SURFACE contact algorithms, respectively. Static and dynamic friction coefficients of
0.3 and 0.2 were used as suggested by Kılıçaslan et al. (2013).
3.5.2 Defining material models for auxetic core and frame
Nylon was used as the filament to print the auxetic prototype shapes. The 3D
printer uses high temperature to melt filament and deposit it into the prototype panels
according to the given design. To obtain the mechanical properties of the Nylon used to
fabricate the auxetic panels, the same Nylon filament roll was used to print dog-bone
shaped specimens for performing tensile testing in accordance with ASTM D638-14
standard.
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Figure 3.14. Dimensions of 3D-printed dog-bone specimens and tensile testing set-up
The Instron universal testing machine was used to perform the tensile testing at a
quasi-static loading rate, and the deformations of the dog-bone specimens were measured
using a non-contact real-time tracking system from Mercury RT®, which was operated
based on Digital Image Correlation (DIC) technology. The views of printed dog-bone
specimens with their dimensions and the test set-up are shown in Figure 3.14. Figure 3.15
shows the engineering stress-strain curves for the tested Nylon specimens.

Figure 3.15. Engineering stress-strain relationship for 3D-printed Nylon material
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Table 3.4. LS-DYNA material model input

Component

Material

LS-DYNA material model type and parameters
(units: m; kg, sec)
MAT_PIECEWISE_LINEAR_PLASTICITY

Auxetic panel

Nylon

RO

E

PR

SIGY

ETAN LCSS

1140

597

0.33

16

-

Figure
3.15

MAT_RIGID
Restraining
frame and top
plate

Steel

RO

E

PR

7850

200 × 103

0.3

Note: Mass density (RO), Young’s modulus (E), Poisson’s ratio (PR), Yield stress
(SIGY), Tangent modulus (ETAN), effective stress vs plastic strain curve (LCSS)
The

material

behaviour

of

Nylon

was

modelled

using

MAT_PIECEWISE_LINEAR_PLASTICITY material model in which the detailed
effective stress versus plastic strain curve of the material can be defined. The effective
stress versus plastic strain diagram obtained from the tensile testing was inserted into the
material model. The yield stress of approximately 16 MPa and fracture strain of
approximately 2.32 were obtained from the stress-strain diagram. The restraining frame
and the loading plate of the experimental set-up were modelled as rigid bodies as their
deformations were negligible. The keyword card parameters for both materials are
presented in Table 3.4.
3.5.3 Comparison of numerical simulation results with experimental results
In this section, the numerical simulation results for each auxetic panel were
compared with the experimental load-displacement relationships and the deformation
sequence to demonstrate the validity of the developed numerical models. Figure 3.16 to
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Figure 3.20 show the comparison of numerical simulation results with the corresponding
experimental results for all the tested auxetic designs. Overall, the deformation patterns
of all auxetic designs under the compression loading were well captured by the numerical
models. However, there were some discrepancies in the numerical load-displacement
relationships, which could be attributed to the use of the simplified constitutive material
model to model Nylon material behaviour and inconsistencies of the Nylon material
properties due to the limitations of the 3D printing technique.
The numerical load-displacement relationship agreed well with the experiment
results up to 20 mm panel deformation for the arrowhead type 1 design. The initial
stiffness of the star-4 panel was well captured by the numerical model. The second phase
of the initial stiffness was captured by the numerical model, however, the time it occurred
was not captured, which could be due to the mid-surface modelling of the panel. The reentrant honeycomb panel’s response was well captured by the numerical model as shown
in Figure 3.18.

Figure 3.16. Comparison of experimental and numerical results for arrowhead type 1
panel: (a) load-displacement relationship; and (b) panel deformation sequence
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Figure 3.17. Comparison of experimental and numerical results for star-4 panel: (a)
load-displacement relationship; and (b) panel deformation sequence

Figure 3.18. Comparison of experimental and numerical results for re-entrant
honeycomb panel: (a) load-displacement relationship; and (b) panel deformation
sequence
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Figure 3.19. Comparison of experimental and numerical results for the missing-rib-cut
panel: (a) load-displacement relationship and (b) panel deformation sequence

Figure 3.20. Comparison of experimental and numerical results for the arrowhead type
2 panel: (a) load-displacement relationship; and (b) panel deformation sequence
The initial stiffness of the missing-rib-cut panel obtained from the numerical
model well agreed with the experimental results, but the increase of stiffness was not
captured by the numerical model (see Figure 3.19). The numerical model for the
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arrowhead type 2 panel showed higher stiffness than the experimentally obtained
stiffness, which could be attributed to the variations of material properties on the 3D
printed panels.
The developed numerical models agreed reasonably well with the experimental
results and could be used for further studies and design optimisations of the auxetic unit
cell topologies for various applications.
3.6 CHAPTER SUMMARY
Load-displacement relationships, under quasi-static compressive loading, were
experimentally investigated for five auxetic panels with five different auxetic topologies.
3D printing technology was used to fabricate the reduced scale prototypes of auxetic
cored panels using Nylon plastics. LS-DYNA numerical models were developed for each
auxetic topology, and numerical results were validated using the experimental results.
Through this investigation, the following conclusions can be drawn:
•

The re-entrant honeycomb topology displayed the most consistent and
stable auxetic performance and demonstrated reliable energy absorption
performance while transmitting less force to the main structure compared
to the other tested auxetic topologies under uniaxial compressive loading.

•

The re-entrant honeycomb, arrowhead type 1 and arrowhead type 2
designs demonstrated a high level of negative Poisson’s ratio effect, but
the star-4 and missing-rib-cut designs did not show any negative Poisson’s
ratio effect under the compressive loading.

•

The developed numerical models agreed reasonably well with the
experimental results and hence the techniques used for numerical models
were adequate. The developed numerical models can be used for further
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studies of auxetic designs and design optimisations of auxetic topologies
for relevant practical applications.
Furthermore, due to its relatively simple unit cell configuration, the re-entrant
honeycomb topology enabled the quite easy fabrication of a scaled-up version of auxetic
sandwich panels. Based on this investigation, the re-entrant honeycomb topology was
selected for further studies and experimental work to understand and find the response
characteristics of re-entrant honeycomb cored sandwich panels under impact and blast
loads.
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CHAPTER 4 FABRICATION PROCESS OF LARGE-SCALE REENTRANT HONEYCOMB SANDWICH PANELS AND MATERIAL
TESTING
4.1 OVERVIEW
In this chapter, the fabrication of larger-scale re-entrant honeycomb sandwich
(RHS) panels for large-scale experiments is described in detail. Three types of
experiments, namely field blast experiments, blast simulator experiments, and drop
hammer impact experiments, were performed to evaluate the response of re-entrant
honeycomb sandwich panels under blast and impact loads. The details of the experimental
set-ups, the sandwich panels and test results will be discussed in the next chapters of this
dissertation. Since all the RHS panels were fabricated using one method, this is presented
as a separate chapter. First, the existing fabrication methods of regular cellular core
structures and auxetic core structures are described. Then, the novel fabrication process
used for this study will be presented. Material testing was performed for all materials used
to construct the RHS systems and will be presented at the end of this chapter.
4.2 EXISTING FABRICATION METHODS FOR CELLULAR CORE
STRUCTURES
Various fabrication methods can be found in the literature for regular core and
auxetic core structures. The selection of a suitable fabrication method for a given cellular
core structure needs to be done considering the geometry of the unit cells. For instance,
the auxetic core structures have very complex unit cell geometries and cannot be easily
fabricated as large-scale cores. Moreover, the fabrication method depends on the material
used for fabrication of the cellular structures as well as their application. Some of the
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existing fabrication methods are: additive manufacturing techniques like 3D printing
technology (fused deposition modelling (FDM)), selective laser melting (SLM) and
electron beam melting (EBM); and mechanical fabrication methods like extrusion,
expansion method, corrugation method, slotted metal sheet assembling approach,
investment casting, and perforated metal sheet forming.
There are several additive manufacturing methods (AM) or processes now
available for fabrication of cellular structures. The additive manufacturing processes
differ from each other according to the way the material layers are deposited to create the
model. For instance, some of the additive manufacturing methods use liquid materials to
build the model and others use material filaments (Ngo et al., 2018). 3D printing
technology is also known as fused deposition modelling (FDM) is a recently developed
additive manufacturing method and can be used to fabricate any cellular core structure
with complex geometries including auxetic cellular structures (Dziewit et al., 2017; Habib
et al., 2017b; Habib et al., 2017a; Jiang and Li, 2018; Koudelka et al., 2016; Kucewicz et
al., 2018; Li et al., 2018a; Platek et al., 2017). A 3D model of the cellular structure that
need to be fabricated is required for the 3D printing, using 3D modelling software this
can be created with exact overall dimensions and wall thicknesses. Then, the created 3D
model can be imported into a 3D printer for printing after selecting a few parameters in
the printer. Most 3D printers are designed to use plastic materials or polymeric materials
such as Nylon, acrylonitrile butadiene styrene (ABS) and polycarbonate (PC).
The printing mechanism of the 3D printers depends on the advanced technology
used in the 3D printer. When the 3D printer consists of an extrusion nozzle head in which
the filaments of polymeric materials can be heated to melting temperature and can be
extruded onto the build table to generate the required model, it is called Fused Deposition
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Modelling (FDM) with 3D printing. Some 3D printers have nozzles with inkjet
technology where the liquid material is directly used for printing.

Figure 4.1. schematic diagram of powder bed fusion (adapted from Ngo et al. 2018)
Recently, the AM methods have been further extended for metallic materials. The
AM methods of utilising metallic materials can be known as metal additive manufacturing
methods (MAM). The MAM provides the capability of fabricating metallic cellular
structures with complex geometries from metals and alloys such as aluminium, titanium
and steel (Lozanovski et al., 2019; Ngo et al., 2018). There are two main processes of
MAM methods, namely selective laser melting (SLM) and electron beam melting (EBM).
Both SLM and EBM can be categorised again as powder bed fusion processes. The
powder bed fusion process consists of two platforms. One of the platforms is the
fabrication platform whilst the other platform is the powder supply platform which is
filled with thin layers of very fine powder of the material to be used for fabrication. The
platforms are separated from a wall with a roller on the top side that maintains the powder
flow to the fabrication platform from the powder supply platform. A laser beam directed
from above the fabrication platform towards a layer of powder on the platform fuses the
powder together. Subsequently, another layer of powder is rolled on top of the previous
layer and fused in place, and this process is repeated until the final 3D part is formed (see
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Figure 4.1). The mechanical properties and dynamic response of re-entrant honeycombshaped panels have been studied by Dong et al. (2019), Li et al. (2020) and Xiao et al.
(2019), using small-scale panels fabricated using the SLM method. Yang et al. (2013a)
has used the EBM method for fabrication of 3D re-entrant honeycomb core structures to
understand the bending properties.
Even though the additive manufacturing methods are beneficial in terms of
fabricating cellular core structures with complex geometries, a few major drawbacks limit
the use of AM methods for fabrication of sandwich panels for applications like blast and
impact protection of structures. These drawbacks include high cost, long printing time or
processing time, difficulties in mass production, anisotropic mechanical properties of the
fabricated structures and defects inside the printed elements (Ngo et al., 2018).
Most of the regular cellular core structures can be easily fabricated using the
machined based mechanical fabrication methods like metal sheet forming, investment
casting, corrugated method, expansion method and slotted metal sheet assembly approach
(Dharmasena et al., 2008; Wadley, 2006). A selection of these fabrication methods will
be discussed here, and more details of the fabrication methods can be found in Wadley
(2006).
The expansion method or expanded method and corrugated method are widely
used for the fabrication of hexagonal honeycomb core structures using metallic materials
such as aluminium and steel (Habib et al., 2017b; Wadley, 2006). The major steps of the
expansion method and corrugated method are shown in Figure 4.2(a) and (b),
respectively. The corrugated method can also be used to fabricate the corrugated core
sandwich panels. The steps of the corrugated method are similar to the fabrication method
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that is used in this research, but the gear press mechanism cannot be used to obtain the
re-entrant honeycomb profile due to its concave shape profile.

Figure 4.2. Schematic diagrams the steps of the fabrication processes: (a) expansion
method; and (b) corrugated method (Wadley, 2006)

Figure 4.3. Fabrication steps of pyramidal lattice truss sandwich panel using
perforated metal sheet forming method (adapted from Wadley 2006)
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Investment casting and perforated metal sheet forming methods can be used to
manufacture the lattice truss core structures. The perforated metal sheet forming method
in combination with expanding and slitting processes can be used to fabricate pyramidal
lattice truss core sandwich panel as illustrated in Figure 4.3. However, this method can
be further modified to fabricate 3D lattice truss cores with NPR behaviour as used by
Wang et al. (2018). As discussed above the machine-based mechanical fabrication
method can be used for the fabrication of large-scale sandwich panel systems and can be
enhanced for mass productions.
As is discussed above, there are no details found in the literature on the fabrication
of large-scale auxetic cored sandwich panels except the investigations performed by Qi
et al. (2017) and Remennikov et al. (2019). This could be mainly due to the complexity
of auxetic unit cell topologies as well as the practical difficulties associated with
performing large scale testing. The RHS panels were fabricated in this research by
assembling folded aluminium sheets with the help of a novel in-house built folding
machine, which will be further discussed in the next sections.
4.3 DESIGN PARAMETERS OF THE UNIT CELL AND OVERALL
DIMENSIONS OF RHS PANELS
Since the proposed RHS panel system will be attached to the exterior of the main
structure that needs to be protected from the blast and impact loads, a large-scale modular
system should be designed so that it can be easily handled and attached to the main
structure to cover the at-risk area. Therefore, in this study for the large-scale experiments,
the overall dimensions of the RHS panel were taken as 500 mm × 500 mm. The thickness
of the panels was maintained between 100 mm and 150 mm depending on the unit cell
design parameters. Figure 4.4(a) shows the design parameters of the re-entrant
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honeycomb unit cell, while Figure 4.4(b) shows the overall dimensions of the RHS panel.
The design parameters of the unit cell used for the experiments had slight variations and
will be presented in relevant chapters. All the RHS panels had four layers of re-entrant
honeycomb unit cells through the thickness.

Figure 4.4. (a) Design parameters of the re-entrant honeycomb unit cell and (b) RHS
panel with overall dimensions
4.4 THE FABRICATION PROCESS OF RE-ENTRANT HONEYCOMB
SANDWICH PANELS
The RHS panels were fabricated using Grade AA 5005-H34 aluminium sheets
with 0.6 mm thickness. AA 5005-H34 aluminium alloy was selected due to its medium
strength, good weldability and wide availability to purchase in large amounts in Australia.
Firstly, large (2.4 m × 2.4 m) 0.6 mm thick aluminium sheets were cut into small
rectangular pieces with 500 mm width and x length, where x can be calculated from the
unit cell design parameters of a and l and number of unit cells (n) in the direction parallel
to the unit cell faces (see Figure 4.5(a)). Folding positions were marked out on both sides
of the aluminium sheets using a template which was created by cutting grooves on the
positions where the aluminium sheet should be bent.
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Figure 4.5. Schematic diagrams of stages of folding aluminium sheets into the reentrant honeycomb shape
Then, the marked aluminium sheets were processed through in-house built folding
equipment to form the re-entrant honeycomb profile as shown in Figure 4.5(c). The
folding equipment (see Figure 4.6) consisted of two steel dies called punch and die, the
main steel frame which was firmly fixed to the ground, and compressed air operated
hydraulic pump to activate the pressing operation of the punch. The die had a V shape
groove and was mounted firmly to the main steel frame while the punch had a V notch
which goes into the V shape die to create the re-entrant shape. The punch was driven by
the hydraulic pump by pressing the foot pedal. The allowable movement of the punch
into the die controls the angle of bend or folding. The downward movement of the punch
can be adjusted using two bolts (see Figure 4.6) on the sides, and thereby allows the
operator to adjust the angle of folding. The minimum angle that can be achieved is 53-54
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degrees using the current configuration of the die. Even though any folding angle can be
attained directly from the equipment, the re-entrant honeycomb profile cannot be attained
directly due to difficulties associated with holding of aluminium sheet in position to bend
subsequent folding positions.

Figure 4.6. Components of aluminium sheet folding equipment
To overcome this difficulty, the marked aluminium sheet was first folded into the
corrugated shape (90 degrees angle of folding) as shown in Figure 4.5(b). The bending
process of all the aluminium sheets were started from a small narrow horizontal strip (see
the corrugated profile in Figure 4.5(b)) which was required to properly place and bond
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the other folded sheets in the assembling stage. After folding the first bend, the aluminium
sheet was flipped over to fold the next subsequent two bends. Then, the sheet was flipped
over again, and this process was continued to complete the sheet. Thereafter, the
corrugated shape aluminium sheets were again passed through the folding equipment to
attain the required angle, which was less than 90 degrees. It was important to note that
the angle changing bolts must be used to achieve both the 90 degrees and the required reentrant angle separately. Figure 4.7 shows a few views of the folded aluminium sheets.

Figure 4.7. A few views of folded aluminium sheets in the corrugated profile and reentrant honeycomb profile
The folded aluminium sheets (re-entrant honeycomb profile) were then assembled
together to form a full re-entrant honeycomb sandwich panel core with four layers of unit
cells. A total of eight folded aluminium sheets were required to fabricate the core of a
four-layered panel. There are different methods to bond the folded sheets, such as using
strong adhesives, welding, and riveting. In this study, general-purpose aluminium blind
rivets with 3.2 mm diameter and 3.2 mm grip were used to bond the folded aluminium
sheets. Three rivets were inserted along the one contacting face, one at each end and one
in the middle. Eight layers were bonded to form the full core of the RHS panel. Figure
4.8 shows the steps of the RHS core assembly process. As a result of this bonding, the
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horizontal walls of the re-entrant honeycomb unit cell had 1.2 mm thickness (two times
the aluminium sheet thickness) while inclined walls had a 0.6 mm thickness (see Figure
4.4(a)).

Figure 4.8. Steps of assembling the re-entrant honeycomb core: 1. placing the folding
sheets; 2. clamping bonding faces in position for drilling; 3. drilling a hole; 4. placing
the rivet; and 5. riveting using a pneumatic rivet gun
After assembling the core, two 0.6 mm thick aluminium sheets of the same grade
were bonded to the RHS core as top and bottom face sheets. Rivets were used to bond the
top and bottom sheets. A cover plate was placed on top of the top sheet before the
experiments to prevent the localised deformations by distributing the load evenly
throughout the sandwich panel system. Since various thickness plates with different
materials were used as the cover plates experiments, the details of the cover plates will
be discussed in relevant sections.
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4.5 MATERIAL TESTING OF ALUMINIUM
Mechanical testing was performed to obtain material properties for the AA5005
H34 aluminium alloy sheets, which were used to fabricate the sandwich panel core.
Uniaxial tensile testing on standard aluminium specimens was carried out in order to
obtain its material properties. The tensile testing specimens were machined from the 0.6
mm thick aluminium sheets with dimensions as shown in Figure 4.9(a). The dog-bone
specimens were cut in the longitudinal and transverse direction of the aluminium sheet
due to the anisotropic nature of the sheet metals, which were inherent in the
manufacturing process.

Figure 4.9. Tensile testing of 0.6 mm thick aluminium dog-bone specimens: (a)
specimen dimensions; (b) deformations measuring with DIC method; and (c)
deformations measuring with an extensometer
The Instron universal testing machine was used to perform the tensile testing using
a quasi-static loading rate in accordance with AS 1391 (Australia standard). Two sets of
specimens were tested in which the first set of specimens was tested with an extensometer
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attached to the specimens to measure the deformations, and another set was tested using
a non-contact real-time tracking system. The real-time tracking system from Mercury
RT® is based on digital image correlation (DIC) technology. The material failure of
aluminium specimens always initiated and occurred at one of the clipping positions
during the use of the extensometer as shown in Figure 4.9(c). The DIC method was
selected to prevent failure from happening from known points. Figure 4.9(b) shows the
failure occurrence with the use of DIC method.

Figure 4.10. Experimental stress-strain relationship for Grade AA 5005-H34
aluminium alloy
Figure 4.10 shows the experimentally obtained average stress-strain relationship
for aluminium in longitudinal and transverse directions. It can be noticed that the
aluminium sheets showed anisotropic behaviour, with slightly lower ultimate tensile
strength in the longitudinal direction than the transvers direction. Even though the
mechanical testing was performed for both longitudinal and transverse directions, a
specific direction was not considered during the aluminium sheet folding operation for
the fabrication of the RHS panels. Therefore, the mechanical properties obtained from the
tensile testing in the longitudinal direction were used for material modelling in the
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numerical model developments in this research work. The experimentally obtained yield
stress of the Grade AA 5005-H34 aluminium alloy was around 112 MPa.
4.6 CHAPTER SUMMARY
In this chapter, a review of the available existing fabrication methods and
techniques for regular cellular and auxetic cellular core sandwich panels, with their
drawbacks, were presented. The fabrication process of large-scale re-entrant honeycomb
sandwich panels is presented. It is understood that additive manufacturing methods can
be used for the fabrication of auxetic cores, but that it is not a cost-effective and feasible
fabrication method for large scale sandwich panels. The Fabrication of large-scale reentrant honeycomb structures is a challenging task due to the complex geometry of the
unit cells. This has been successfully overcome in this study by introducing novel inhouse built folding equipment. With this fabrication process, re-entrant honeycomb
sandwich panels with an internal angle greater than 53 degrees and any other design
parameters can easily be manufactured for testing, and this method can be automated for
large scale production. Additionally, this chapter includes the material testing and results
for Grade AA 5005-H34 aluminium alloy, which was used for the fabrication of the
sandwich panel core.
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CHAPTER 5 CLOSE-IN BLAST RESISTANCE OF RE-ENTRANT
HONEYCOMB SANDWICH PANELS TO PROTECT STEEL
STRUCTURES
5.1 OVERVIEW
The performance of the re-entrant honeycomb sandwich (RHS) panels under three
different loading conditions, which could occur due to close proximity detonation of high
explosives, far-field detonation of high explosives, and medium speed impact, were
examined in this study through experiments and numerical analysis. Large-scale
experiments were carried out on re-entrant honeycomb sandwich panels fabricated using
the fabrication technique described in Chapter 4. Two separate investigations were
performed considering two types of main structures namely steel and concrete structures.
The reason to perform separate studies was the variability of the response and protection
levels with different main structure types and material properties. For instance, steel
structures can withstand high tensile forces; however, concrete structures cannot
withstand high tensile forces due to its weak tensile strength. This chapter details the reentrant honeycomb sandwich panel response and protection capabilities for the protection
of steel structures under close proximity detonations of high explosives.
Among the structures that are at a high risk of accidental or deliberate blast
loadings, military vehicles, buildings, and vehicles used by legislators and government
officers are more likely to be subject to near-field and contact detonations. These are
typically from landmines and roadside improvised explosive devices (IED). Furthermore,
in the event of a terrorist attack, the explosive device could be delivered near the target
structure. A typical example in which the explosion occurs in close proximity to the
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structure is from a backpack containing high explosives; this results in significant local
structural damage. The most recent example of this kind of event is the series of
explosions that happened in Sri Lanka in 2019 (Easter Sunday bombings). Considering
these emerging situations, it is vital to understand and improve the protection levels of
critical structures by the study and investigation of damage mitigation techniques and the
response of those methods to near-field detonations. In this investigation, the response
and protection levels of the proposed RHS panel were studied through experiments and
numerical simulations targeting the protection of steel structures like military vehicles
and steel buildings.
Owing to the fabrication difficulties of large scale auxetic panels and difficulties
associated with large scale experiments such as high cost, limited availability of trial sites
and instrumentation problems, a limited number of experimental investigations have been
carried out and reported in the literature. However, various numerical investigations have
been performed and reported, but experimental results are still essential to verify the
performance and response of auxetic sandwich panels, especially under near-field and
contact detonations. This chapter provides invaluable results to the research area of
structural protection from blast loadings using auxetic sandwich panels, including the
results from near-field blast testing. Overall, four experiments, including two tests for
bare steel plates without any protection and two tests for steel plate protected with two
designs of RHS panels were carried out. Both RHS designs had similar overall
dimensions but different unit cell design parameters. Numerical simulations were
performed and calibrated using experimental results. The near-field blast loading was
modelled utilising the Blast Impact Impulse Model (BIIM) and modelling techniques are
presented. Numerical results were compared with the experimental results. Finally, a
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design optimisation study for the application of the proposed RHS panels as a protection
layer for military vehicles is presented.
5.2 SPECIMEN DETAILS AND EXPERIMENTAL SET-UPS
5.2.1 Specimen details and preparation
The specimens used for the experiments include four steel plates (BlueScope
XLERPLATE Grade 350) with dimensions of 1000 mm × 1000 mm and 6 mm thickness,
and two types of re-entrant honeycomb cored sandwich panels. The two steel plates were
considered as the reference test and tested without any protection while the remaining
two steel plates were tested with the RHS panels to evaluate the performance of RHS
panels. Table 5.1 summarised the experimental program and details of the tests. The
thickness and grade of the steel plates were chosen based on the preliminary numerical
simulations to avoid perforation under the maximum blast loading conditions.
Table 5.1. Experimental program and details of test configurations

Test ID

Main
structure

Protective
system

Charge
mass (kg)

Standoff distance
(mm)

1 (S6-1)

Steel plate
(6 mm)

None

1

300

2 (S6-2)

Steel plate
(6 mm)

None

1

300

3 (S6-68-Al)

Steel plate
(6 mm)

RHS panel
(design A)

1

175 (from the top
surface of RHS panel)

4 (S6-54-Al)

Steel plate
(6 mm)

RHS panel
(design B)

1

175 (from the top
surface of RHS panel)

The re-entrant honeycomb sandwich (RHS) panels were fabricated using AA
5005-H34 aluminium alloy sheets with a 0.6 mm thickness (material properties and
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testing are presented in Chapter 4). Both RHS panels had a side length of 500 mm, width
500 mm, and a height of 100 mm. To evaluate the effect of core topology, two designs of
the RHS panel system were considered in which the core of the systems had different reentrant honeycomb unit cell topologies. Figure 5.1 shows the design parameters of the reentrant honeycomb unit cell topologies for two internal angles, 68° and 54°. The RHS-A
panel consisted of the re-entrant honeycomb design A (internal angle 68°) unit cells and
the RHS-B panel consisted of the re-entrant honeycomb design B (internal angle 54°).

Figure 5.1. Design parameters for the re-entrant honeycomb unit cell topologies: (a)
re-entrant honeycomb unit cell design A and (b) re-entrant honeycomb unit cell design
B (dimensions are in mm)
The core of the RHS panel was formed by four layers of re-entrant honeycomb
unit cells through the thickness of the panel. Then, the two 0.6 mm thick aluminium sheets
from the same aluminium grade as the core was bonded to the core as the top and bottom
face sheets. The full details of the fabrication techniques of the RHS panels are described
in Chapter 4. Figure 5.2 shows isometric views of the fabricated RHS panels before the
testing. Even though the RHS panel was designed to a have a 100 mm height (thickness),
the final height of the fabricated RHS panels was 22 mm higher than the designed height
due to imperfections, which are inherent in the fabrication process. A 3-mm thick Grade
AA 5005-H34 aluminium alloy plate was placed on the top sheets of the RHS panels
before the experiments as a cover plate to avoid excessive local damage due to the
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proximity of the blast load. Since heavy thick steel plates have been previously used as
the cover plate with re-entrant honeycomb sandwich panels to study the performance of
the systems under blast loads (Imbalzano et al., 2018; Imbalzano et al., 2016a; Qi et al.,
2017), the lightweight thin plates were considered for this study to investigate the
performance of the RHS panels with light-weight thin cover plates under blast loads.

Figure 5.2. Isometric views of the fabricated RHS panels: (a) RHS-A panel; and (b)
RHS-B panel
5.2.2 Experimental set-ups
The field blast tests were conducted at a remote trial range location in New South
Wales, Australia. The experimental set-ups for the field blast tests are shown in Figure
5.3. A large, heavy steel box (see Figure 5.3(a)) was manufactured to support the steel
plates during the tests while providing the fully fixed boundary conditions for the four
edges of the steel plate. The overall outer dimensions of the test rig were 1000 mm × 1000
mm × 800 mm which provides a 700 mm × 700 mm open area, which was loaded by the
blast load. The steel plate specimen with holes for bolts was placed on top of the upper
surface of the steel box, and the steel flange was placed on top of the plate and clamped
using twenty-eight M24 high-strength bolts. The test rig was supported by three
rectangular hollow steel sections at the bottom and properly placed on levelled and
compacted ground. The total mass of the complete test rig was around 500 kg which
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provided sufficient inertia to avoid excessive movements of the test rig during the closein blast tests.

Figure 5.3. (a) Test rig used to clamp steel plates; (b) experimental set-up for the
reference tests; (c) experimental set-up for tests with RHS systems; and (d) view of
fireball during the Nitromethane detonation
The blast tests for 6-mm thick steel plates without any protection were taken as
the reference tests for this study, and two tests for two 6 mm steel plates were tested under
the same blast loading to check the repeatability of the applied loading in the tests. Two
more tests were carried out using similar types of steel plate but protected with the RHSA and RHS-B protective systems. In the tests with RHS systems, a similar experimental
set-up was used, and the RHS system was placed centrally on top of the steel plate; no
special mechanical connection between the RHS panel and the steel plate (main structure)
was established in this study. Figure 5.3(b) and (c) show the experimental set-up for the
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reference tests where the steel plate was tested without the protective system and the test
set-up for the tests with RHS protective systems, respectively.
A spherical Nylon casing filled with 1 kg of liquid Nitromethane (NM) was used
as a high explosive spherical charge to overcome the practical difficulties associated with
manufacturing spherical TNT charges with central detonation. The spherical casings were
fabricated using non-fragmenting Nylon plastic material and 3D printing technology. The
spherical cases had a diameter of 120 mm and a wall thickness of 1 mm and a central
detonator well for inserting the electrical detonator for ignition of the explosion. The case
had four eye straps around the detonator well for fastening the strings used to hang the
charge over the specimen. The NM explosive was selected for this investigation due to
its advantages in safety and handling, and its well-formed shock front (Dusenberry,
2010).
The 1 kg NM spherical charge was suspended by strings over the centre of the
steel plates to achieve the required standoff distance. In the reference tests, the distance
between the NM charge centre and the top surface of the steel plate was maintained at
300 mm, while the distance between the NM charge centre and the top surface of the 3
mm aluminium cover plate was maintained at 175 mm for the tests with RHS systems.
The 175 mm distance was selected to maintain the standoff distance of 300 mm from the
steel plate (the main structure), as used in the reference tests. On the other hand, the
distance between the charge centre and the 6 mm steel plate was kept as 300 mm for all
the cases despite using the RHS systems.
5.2.3 Instrumentation used for experiments
The instrumentation used for the experiments included a high-speed laser
displacement sensor (Acuity AR500 laser with 250 mm range), high-capacity pressure
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transducer (Endevco 8530C-100, 700 kPa) and a data acquisition system for data
recording. The high-speed laser displacement sensor was installed in a steel container box
with a Polycarbonate sheet opening for the protection of the laser from the fragments and
shock waves. The steel container box with the laser displacement sensor was firmly fixed
to a secondary steel frame made from 40 mm × 40 mm steel square hollow sections which
were then attached inside the large heavy steel box to capture the centre displacement
histories of the 6 mm steel plates during the blast testing. The bottom centre of all the
tested 6 mm steel plates were sprayed with white colour spray for the proper reflection of
the laser beam from the steel surface.
The high-capacity pressure transducer was installed on the centre of an aluminium
disc which was firmly fixed to the steel supporting frame. The steel supporting frame was
designed and fabricated in the laboratory with strong ground supporting elements. Since
it was not practically feasible to measure the overpressure vs time histories on the steel
plate due to the clearing effects as well as higher magnitudes of the peak pressures due to
the close-in blast detonations, it was decided to position the high-capacity sensor at 1.5
m away from the centre of the NM charge and the same level as the charge. The steel
supporting frame with the pressure sensor was firmly fixed on the ground in such a way
that the vertical plane of the disc was aligned with the midplane of the NM charge. In this
way, the incident pressure time histories can be measured without any reflection from the
sensor holding structure.
Both the laser displacement sensor and the high-capacity pressure transducer were
connected to a high-speed Synergy Data Acquisition System (Hi-Techniques Synergy
series) using two separate input modules. The Synergy Data Acquisition system was
placed approximately 50 m away from the location of testing and was protected by a large
steel cover. The data from the high-speed laser displacement sensor was recorded at a
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sampling rate of 100,000 samples per second with a 200 kHz filter while the data from
the high-capacity pressure sensor was recorded at a sampling rate of 500,000 samples per
second.
A GoPro Hero camera was installed near the testing location to record the
response of the specimens during close-in blast detonations. The maximum available
frame rate of 120 Hz in the GoPro Hero camera was utilised for filming. Even though a
high-speed video camera was available for filming the steel plates and RHS panels
performance under the close-in blast loads, it was not used in this study as the RHS panels
deformation was covered by the formation of the fireball during the test as shown in
Figure 5.3(d). Furthermore, a DJI Mavic 2 Pro drone was used to record the response of
the specimens in different orientations as well as above the ground level.
5.3 NUMERICAL MODEL DEVELOPMENT AND CALIBRATION
5.3.1 Development of model geometry, boundary conditions and contacts
To understand the dynamic response, deformation patterns and damage modes of
the RHS protective system under close-in blast loads, high fidelity finite element
numerical models were developed using the LS-DYNA R10.0 explicit finite element
software. Finite element numerical simulations are important for understanding the
detailed response of the protective system under blast loading as it was not possible to
record its experimental deformations due to the fireball as shown in Figure 5.3(d).
However, large-scale experimental observations and results remain vital for calibrating
and validating the numerical results.
Three numerical models were initially developed, one for each blast test.
Considering the symmetric nature of the problems, a one-quarter of the steel plate and the
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protective system was modelled to reduce the simulation times and required
computational resources. The quarter geometry of the steel plate and the RHS panels were
created using AutoCAD 2018 software, and the created 3D geometries were imported
into LS-PrePost pre-processor of the LS-DYNA for meshing and defining the other
required parameter and boundary conditions. The test rig and clamping mechanism were
not considered in the numerical models. Instead, the exposed area (700 mm × 700 mm)
of the steel plate to the blast load was modelled, and fully fixed boundary conditions were
imposed on the corresponding edges of the steel plate. Required constraints were applied
on the two symmetric boundaries of the steel plate and protective system as shown in
Figure 5.4.

Figure 5.4. Isometric view of LS-DYNA finite element model for the 6 mm steel plate
protected by an RHS panel
The steel plates, RHS panels and cover plates were modelled using BelytschkoTsay four-node shell elements with five integration points through the thickness of the
elements. The mid-plane of the structures was modelled. Even though the horizontal
segments of the re-entrant unit cells consist of two aluminium layers bonded by rivets,
the numerical model was developed with only one layer of shell elements with a thickness
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of 1.2 mm assuming perfect bonding between the two layers of aluminium horizontal
segments and neglecting the effect of rivets.
Two separate mesh sensitivity studies were performed to evaluate suitable mesh
sizes for the steel plate and the RHS panel. To find a suitable mesh size for the 6 mm steel
plate, one-quarter of the steel plate was modelled by varying the mesh size from 10 mm
to 1 mm. The blast loading of 1.4 kg of TNT (TNT equivalence for 1 kg of NM is
discussed later) at 300 mm of standoff distance was applied for all the models and the
centre displacements of the steel plate were compared. The blast loading was applied
using keyword card *LOAD_BLAST_ENHANCED in LS-DYNA. Figure 5.5 shows the
comparison of the centre displacement histories of the steel plate with mesh size and it
can be seen that the effect of the shell element size on the steel plate’s response and
deformations is minimum. Thus, the mesh size of 5 mm was selected for this study to
model the steel plates.

Figure 5.5. Variation of the centre deflection of the steel plate with shell element size
To find a suitable mesh size for the RHS panel, a small-scale RHS panel with four
unit cells along the length direction and two-unit cells in height direction were considered.
The panel was modelled varying the shell element size from 5 mm to 0.5 mm. The panel
was modelled using the same techniques and material properties that were used for the
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full model in this study. The bottom of the RHS panel was supported by a steel plate
which was fixed for all degrees of freedoms while the top rigid plate was moved
downward direction at a speed of 5 m/s. The RHS panels deformations, reaction forces
on the bottom plate and the energy absorption of the RHS panel were used to evaluate the
performance with varying mesh sizes.

Figure 5.6. Mesh sensitivity study results for the RHS panels: (a) deformation and
stress contours of RHS panel at different mesh sizes; (b) variation of energy absorption
with mesh size; and (c) variation of reaction forces with the mesh size
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Figure 5.6(a) shows the deformation and stress contours of the RHS panel for
different mesh sizes. It can be seen that the deformations of the panels were similar for
all the mesh sizes. But the resolution of stress contours was improved from mesh size 5
mm to 0.5 mm. The stress concentration areas and stress values on those areas can be
specifically observed for finer mesh sizes (2 mm to 0.5 mm mesh size). Figure 5.6(b) and
(c) compares the energy absorption histories of the RHS panels and the reaction forcetime histories between the RHS panels and bottom plates. It can be observed that the
convergence of the numerical model predictions occurred at 1 mm shell element size.
However, the simulation times were considerably higher for the 1 mm and 0.5 mm mesh
sizes than 2 mm mesh size. The 2 mm mesh size was still able to reproduce the response
similar to the more refined meshes and was selected to model the RHS panels in largescale numerical models in this study.
Surface friction contacts between the steel plate, protective system and the cover
plate, as well as the self-contact surfaces inside the protective system core were modelled
using

automatic

contact

algorithms

in

LS-DYNA.

The

AUTOMATIC_SURFACE_TO_SURFACE contact algorithm was defined between the
steel plate and the bottom face sheet, as well as between the cover plate and the top face
sheet. The AUTOMATIC_SINGLE_SURFACE contact algorithm was defined to
account for self-contact inside the core of the protective system. The connection between
inclined wall segments and horizontal wall segments of the core was introduced by
merging all shared nodes within the core. However, this was not adequate to prevent
penetrations between the top face sheet and the inclined segments of the core since the
applied blast load was significantly higher for close-range standoff distances. The
AUTOMATIC_NODES_ TO_SURFACE contact algorithm was used between the top
nodes of the inclined segments and the top face sheet, as well as for the bottom nodes of
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inclined segments and the bottom face sheet. The static and dynamic friction coefficients
were taken as 0.3 and 0.2, respectively, as suggested in a previous study (Qi et al., 2017).
5.3.2 Modelling material behaviours
Material testing for the Grade AA 5005-H34 aluminium alloy which was used to
fabricate the RHS panel, and 3-mm cover plate was performed at the laboratory under the
quasi-static loading conditions, and the material testing results are presented in Chapter
4. The material behaviour of Grade AA 5005-H34 aluminium alloy was modelled using
material constitutive model *MAT_PIECEWISE_LINEAR_PLASTICITY in LSDYNA. This material model is an elasto-plastic material model with the capability of
feeding experimentally obtained stress-strain relationship of the material into the material
model. Yield function is defined based on the von Mises yield criterion and the entire
derivation of this constitutive model can be found in the LS-DYNA Theory Manual (LSDYNA, 2019).
The BlueScope XLERPLATE Grade 350 steel in which was used for the 6 mm
steel plates, was chosen for this investigation due to the availability of the material
properties and blast testing data from a past study, which was performed by the research
team at University of Wollongong (Remennikov et al., 2017). Hence, the material
properties for BlueScope XLERPLATE Grade 350 steel were obtained from the reference
(Remennikov et al., 2017). *MAT_PLASTIC- _KINEMATIC, which is a cost-effective
material model, was used to model the behaviour of Grade 350 steel, whereby the stressstrain relationship of the material was assumed as a bi-linear elastic-plastic relationship
with isotropic, kinematic or a combination of isotropic and kinematic hardening. This
material model is formulated based on the paper by Krieg and Key (1976), and full
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derivation of the material model can be found in LS-DYNA Theory Manual (LS-DYNA,
2019).
Table 5.2. LS-DYNA material model parameters used for the numerical simulations

Material

LS-DYNA material model type and parameters (Units: mm,
Ton, sec)
*MAT_PIECEWISE_LINEAR_PLASTICITY

Aluminium
(Grade AA 5005H34)

RO

E

PR

SIGY

ETAN

2.7 × 10-9

5.5 × 104

0.33

112

-

BETA

SRC

SRP

LCSS

0

6500

4

Figure 5.7

*MAT_PLASTIC_KINEMATIC

Grade 350 steel

RO

E

PR

SIGY

ETAN

7.85 × 10-9

2.03 × 105

0.3

363

1239

BETA

SRC

SRP

FS

0

3200

5

0.38

Note: Mass density (RO), Young’s modulus (E), Poisson’s ratio (PR), Yield stress
(SIGY), Tangent modulus (ETAN), Hardening parameter (BETA), C (SRC), p
(SRP), Failure strain (FS)
The input parameters for both material models are tabulated in Table 5.2. Strain
rate effects of the aluminium and Grade 350 steel was accounted for based on the CowperSymonds model. The Cowper-Symonds coefficients of Grade 350 mild steel, C(s-1) and
p were taken as 3200 s-1 and 5 respectively as suggested by Remennikov et al. (2017).
Even though low strain rate sensitivity has been reported (Jin et al., 2016; Qi et al., 2017;
Yang et al., 2013b; Zhu et al., 2008), 6500 s-1 and 4 were used as the Cowper-Symonds
coefficients of aluminium in this study (Paik and Thayamballi, 2018). The LS-DYNA
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input for effective stress versus the effective plastic strain curve obtained from the
experiment is shown in Figure 5.7. The effect of changing temperature on both materials
was neglected.

Figure 5.7. Effective stress vs effective plastic strain relationship for Grade AA 5005H34 aluminium alloy (LS-DYNA input)
5.3.3 Simplified modelling of the blast loading using BIIM method
5.3.3.1 Blast load modelling methods in LS-DYNA
There are two main methods of modelling the blast loading scenarios on structures
in LS-DYNA. The first and simplest method of modelling blast loading on a structure is
to use *LOAD_BLAST_ENHANCED feature which is an air-blast function for
application of pressure loads on a structure due to a detonation of a high explosive charge
(Imbalzano et al., 2018; Imbalzano et al., 2016a; Ngo et al., 2015). This airblast function
is based on empirical equations for the calculation of overpressures due to an airburst.
The explosive mass should be input to the function as TNT equivalent mass, and this
function is valid for the range of scaled distance between 0.147 m/kg1/3 and 40 m/kg1/3.
Thus, this method is not suitable for modelling very close-range blast loads.
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The second method is blast load modelling using Multi-Material Arbitrary
Lagrangian-Eulerian (MM-ALE) method in combination with Fluid-Structure Interaction
(FSI) (Chafi et al., 2009; Cheng et al., 2017; Jin et al., 2016; Zakrisson et al., 2011). In
this method, explosive charge and structure need to be modelled inside the air domain.
The explosive charge shape could be in any shape or geometry. However, the air domain
should be modelled using very fine mesh in order to achieve a proper, realistic and
accurate overpressures on the structure. Furthermore, this method provides an added
advantage of an understanding of shock wave interactions and effects on the structures,
since the shock wave interaction can be observed. However, this method requires
significant computational resources as a very fine mesh is required for the model.
A new simplified indirect method called the Blast Impact Impulse Method (BIIM)
of applying close-range blast loading on structures was developed and validated by
Remennikov and Uy (Remennikov et al., 2017; Remennikov and Uy, 2014). In this
method, the explosive charge and air domain are not required to be modelled. Instead,
specific impulses on the elements of the target structure can be calculated from the
developed analytical equations. Then those specific impulses can be converted into initial
nodal velocities of the nodes of the target structures. The values of initial velocities can
be assigned to the corresponding nodes of the target structure in the finite element
numerical model to model the close-in blast loading on the structure. The BIIM method
is more cost-effective in terms of computational resources and computational time as it
does not require modelling the air domain and explosive charge, and it can be used
effectively for very close-range blast scenarios. Considering these advantages, the BIIM
method was selected in this investigation to achieve accurate numerical predictions but
with significantly reduced computational efforts.
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5.3.3.2 Application of BIIM for Numerical simulations
This section presents the application of the BIIM method to model the blast
impulse due to 1 kg of NM explosive detonation on the steel plates or cover plates in the
simulations. In general, the specific blast impulse (𝑖𝑖) transferred to the target structures
from the close-in detonation of 1 kg NM charge was calculated from the BIIM method,
and the calculated impulses were transformed by the BIIM approach into initial nodal
velocities of the structure. The initial nodal velocities were then assigned to each node of
the structure by using the *INITIAL_VELOCITY_NODE command in LS-DYNA. The
shape of the explosive charge has a significant effect on the blast loading in close-in
detonations (Qi et al., 2017; Remennikov et al., 2017) and BIIM method is valid for the
calculation of blast impulse due to a detonation of spherical charge. Thus, the specific
blast impulse 𝑖𝑖(𝑟𝑟) at any distance on the target structure 𝑟𝑟 from the spherical charge as

illustrated in Figure 5.8 can be calculated from Eq. 5.1 (Qi et al., 2017; Remennikov et
al., 2017).

Figure 5.8. Illustration of required parameters for specific blast impulse calculations
for steel plate
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𝑖𝑖(𝑟𝑟) =

𝑤𝑤 + 𝑢𝑢0 3 ℎ2
𝑟𝑟0 𝜌𝜌0 4
3
𝑟𝑟

Eq. 5.1

Where 𝑤𝑤 is the velocity of the rarefaction wave in the detonation products, 𝑢𝑢0 is

the particle velocity of the expanding detonation products flying away from the surface

of the charge, 𝜌𝜌0 is the initial density of the explosive materials, 𝑟𝑟0 is the radius of the
spherical explosive charge, and ℎ is the standoff distance. More details on the derivation

of this equation can be found in Remennikov et al. (2017). If a coordinate system is
defined with the origin at the target centre as shown in Figure 5.8, at any node on the
target structure with the coordinates of 𝑥𝑥 and 𝑦𝑦, the specific blast impulse 𝑖𝑖(𝑥𝑥, 𝑦𝑦) can be

calculated more conveniently from Eq. 5.2 which was obtained from Eq. 5.1 by
4

substituting the explosive spherical charge mass (𝐶𝐶 = 3 𝜋𝜋𝑟𝑟03 𝜌𝜌0 ) and 𝑟𝑟 4 = [ℎ2 +

(𝑥𝑥 2 + 𝑦𝑦 2 )]2 .

𝑖𝑖(𝑥𝑥, 𝑦𝑦) =

(𝑤𝑤 + 𝑢𝑢0 )𝐶𝐶
ℎ2
∙ 2
4𝜋𝜋
[ℎ + (𝑥𝑥 2 + 𝑦𝑦 2 )]2

Eq. 5.2

The calculated specific impulse can then be used to calculate the initial nodal
velocity (𝑣𝑣0 (𝑥𝑥, 𝑦𝑦)) of any node on the target structure from Eq. 5.3 using the material

density (𝜌𝜌𝑡𝑡 ) and thickness (𝑡𝑡𝑡𝑡 ) of the target structure.
𝑣𝑣0 (𝑥𝑥, 𝑦𝑦) =

𝑖𝑖(𝑥𝑥, 𝑦𝑦)
𝜌𝜌𝑡𝑡 𝑡𝑡𝑡𝑡

Eq. 5.3

The calculated initial nodal velocities for each node of the target plate, which was
a steel plate or cover plate for the auxetic panel in this study, were applied using
*INITIAL_VELOCITY_NODE command in LS-DYNA.
5.3.3.3 Calibration of blast loading calculated by BIIM
The BIIM predicted blast impulses for close-in detonations have been validated
by several previous experimental studies (Qi et al., 2017; Remennikov et al., 2017;
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Remennikov and Uy, 2014). The BIIM is a simplified fast-running method for
approximation of extremely complex loading environment produced by close-in
detonations. Due to the simplifying assumptions used in the formulation of this method,
the BIIM generally provides conservative predictions of the blast impulse on the target.
When this method is used for modelling of the specific explosion experiments, calibration
of the BIIM may be required to consider uncertainties with the explosive parameters (e.g.
density, the energy of detonation), the effect of lightweight casing etc. In this study, closein blast loading calculated by the BIIM was calibrated using the experimental results from
the reference test in which a 6 mm steel plate was subjected to a detonation of a 1 kg NM
spherical charge at a standoff distance of 300 mm. The NM explosive parameters used
for BIIM calculations are presented in Table 5.3. The primary parameters (explosive
density, detonation velocity and energy of detonation) were obtained from Viper::Blast
(2020), and remaining parameters were calculated from primary parameters.
Table 5.3. NM explosive parameters used for BIIM
Explosive parameter

Value for NM

Explosive parameter

Value for NM

Density, 𝜌𝜌0 (kg/m3)

1128

Detonation pressure, 𝑃𝑃0
(Pa)

5.5608 × 109

Explosive energy, 𝑄𝑄0
(MJ/kg)
Detonation velocity, 𝐷𝐷0
(m/s)

5.69

6280

Detonation products
velocity, 𝑢𝑢0 (m/s)
Velocity of the
rarefaction wave, 𝑤𝑤
(m/s)

3373.43

1461.36

A scaling factor (𝑘𝑘) was introduced for the initial nodal velocities. At first, a

numerical simulation was performed with 𝑘𝑘 = 1, and the numerical predictions were

compared with the experimental steel plate displacement histories as shown in Figure 5.9.

The BIIM method over-predicted the blast impulse applied to the steel plate, which
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resulted in higher central displacements of the steel plate. A series of numerical
simulations were performed by varying 𝑘𝑘 values and it was found that 𝑘𝑘 = 0.75 was most

suitable for predicting the response of the reference steel plate. To check the applicability
of 𝑘𝑘 = 0.75 for the other blast loading scenarios in this study, a numerical simulation was

performed for the steel plate with a protective system where a 1 kg NM spherical charge
was detonated at 175 mm standoff distance from the centre of the cover plate. The
numerical model predictions were in close agreement with the experimental results.
Therefore, a scaling factor 𝑘𝑘 = 0.75 was adopted for the applied blast impulse and the
initial nodal velocities used in the simulations.

Figure 5.9. Comparison of centre displacement histories of bare steel plate with
numerical predictions for blast loading of 1 kg NM at 300 mm standoff distance
Since there was no additional experimental data to further verify the scaling factor
of 0.75, a 2D numerical simulation for the detonation of a 1 kg NM spherical charge at a
300 mm standoff distance was performed using Viper::Blast software (Viper::Blast,
2020). The Viper::Blast software is a newly developed weapons effect simulator and was
developed by CFD software company SSSL. The Viper::Blast software is designed to run
the analysis on computer’s Graphics processing units (GPUs) rather than the Central
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Processing Units (CPUs) which provides added advantage of fast running the simulations
with very fine resolution. The air domain was modelled using 0.5 mm computational
cells, and the blast overpressure histories were obtained for the steel plate target. Figure
5.10 shows the variation of blast impulses calculated from the BIIM (with a scaling factor)
and the Viper::Blast software. It can be observed that the scaled BIIM closely predicted
the shape and the values of the impulse distribution curve. The peak initial nodal
velocities and the corresponding specific impulses are summarised in Table 5.4.

Figure 5.10. Blast impulse predictions using Viper::Blast and BIIM for 1 kg of NM
charge at a standoff distance of 300 mm
Table 5.4. A summary of estimated initial nodal velocities and impulses by BIIM

Test

Initial
velocities
applied to:

Standoff
distance (mm)

Peak Nodal
velocity (m/s)

Peak specific
impulse
(kPa.ms)

300

69

3272

175

204

9616

300

404

3272

175

1187

9616

Bare steel plate Steel plate

Steel plate +
RHS system

Cover plate
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5.4 EXPERIMENTAL RESULTS AND VALIDATION OF NUMERICAL
SIMULATION RESULTS
5.4.1 Bare steel plate test (S6, reference test): experiment vs numerical
In this section, the experimental results for the bare steel plate tests are presented
in comparison with the numerical simulation results. The 6-mm thick Grade 350 steel
plate was subjected to a close-range blast load generated from a 1 kg charge of NM
suspended at 300 mm standoff distance from the centre of the plate. The response of the
steel plate was assessed only using the residual deformation profile of the steel plate. Two
attempts were made to record the dynamic displacements of the steel plate, but both
attempts were not successful as the data acquisition system failed to record the data.

Figure 5.11. (a) Final deformation of the bare steel plate after the test and deformed
profile of the steel plate along the diagonal; (b) deformed profile of the steel plate from
numerical model
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The residual displacement profiles of the steel plates for both tests were manually
measured, and both showed identical deformation profiles and centre displacements,
demonstrating the repeatability of the test results. Figure 5.9 shows the comparison
between experimental and numerical centre displacement histories for the bare steel plate.
Figure 5.11(a) shows the views of the deformed steel plate before and after the blast tests
with the measured deformation profile along the diagonal. The steel plate symmetrically
deformed with a 32 mm residual displacement in the middle of the plate, and no fracture
occurred. The numerical model predictions are in good agreement with the experimental
results (see Figure 5.11(b)). The bare steel plate’s peak dynamic centre displacement was
around 38 mm as predicted by the numerical model.
5.4.2 Steel plate with RHS-A system (S6-68-Al test no. 2): experiment vs numerical
In this section, the experimental results of test 2 (S6-68-Al) where the steel plate
was tested with the re-entrant honeycomb sandwich panel system design A are presented
in comparison with numerical simulation results. The re-entrant honeycomb sandwich
panel system design A (RHS-A) was composed of re-entrant honeycomb unit cells with
a re-entrant angle of 68 degrees. The RHS panel was placed on top of the steel plate and
subjected to blast loading from a 1 kg NM charge at a standoff distance of 175 mm from
the top surface of the cover plate. The standoff distance was chosen to obtain a consistent
standoff distance with the reference test (300 mm). In this way, it can be assumed that the
explosive charge and the main structure (steel plate for this study) remained in their
original positions despite the presence of the protective cladding system in order to protect
the main structure.
The final deformation of the RHS-A system after subjecting it to the blast load is
shown in Figure 5.12 in comparison with the numerically predicted RHS-A panel
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deformations under the same blast load. The top 3-mm thick aluminium cover plate
plastically deformed with around 365 mm diameter indentation in the central region and
no fracture failure occurred in the plate. Moreover, a large number of circularly
distributed small dents can be seen on the surface of the cover plate (see Figure 5.12), and
the intensity and size of the dents decreased from centre to the edges of the cover plate.
The reason for these dents could be due to the collision of expanding detonation products
flying away from the surface of the charge. This observation further proves that the closein blast loading is dominated by the expansion of the detonation products and afterburn,
unlike far-field blast loading in which the air blast wave governs. The sacrificial cladding
system symmetrically deformed and moderate material movement towards the centre can
be observed at the sides of the cladding system due to negative Poisson’s ratio (auxetic)
behaviour. Deformations of the re-entrant unit cells were highly non-uniform (see Figure
5.12(b)). Specifically, the unit cells of the top and bottom layers were completely
deformed while the unit cells of the middle layers partially deformed, and the bottom side
unit cells diagonally deformed due to material movement into the central region.

Figure 5.12. Comparison of experimental final deformations with numerically predicted
deformations of RHS-A system in test S6-68-Al (a) isometric view; and (b) side view
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The numerical model reasonably predicts the response of the RHS-A panel system
under close-in blast loading. The localised plastic deformation with a 365 mm indentation
of the cover plate was closely predicted by the numerical simulation in which it was
around 335 mm (see Figure 5.13). Three symmetrical warpages can be seen in the XZ
plane (perpendicular to the re-entrant honeycomb unit cell axes) of the cover plate, which
is accurately captured by the simulation. However, the magnitude of the warpages was
slightly smaller than those observed in the experiment. The weaker bending resistance of
the RHS-A core in the XZ plane could be the reason behind the warping of the cover
plate. It can also be noticed that there is a discrepancy in the numerically predicted
deformed shaped of the RHS-A system where the corners of the protective system
compressed downward in the numerical simulation while the RHS-A system did not
compress much in the experiments. This difference could be attributed to the use of
simplified blast modelling method and blast wave diffraction on the edges of the sandwich
panel which could provide additional resistance against panel’s deformation.
To reveal additional details near the loading centre of the RHS-A panel system,
the RHS-A panel system was cut into two pieces from the middle plane perpendicular to
the unit cells axes. Figure 5.13 shows the experimental and numerical views of the cutting
plane of the RHS-A panel system. The re-entrant unit cells within the region of the global
plastic deformation of the cover plate were completely densified. It can be observed that
the central region of the RHS-A system become completely solid which results in
significant damage to the main structure. The numerical model reasonably predicted the
compaction of the central region. It is important to note that the cross-section shown in
Figure 5.13(b) is the cross-sectional view at 2.5 ms.

108

Figure 5.13. Cross-sectional view of the deformed RHS-A system in test S6-68-Al: (a)
experiment and (b) numerical simulation
The steel plate underneath the RHS-A protective system plastically deformed
similarly to the reference test but with a higher permanent (residual) displacement at the
centre of the plate than the reference test. Figure 5.14 shows a comparison between the
experimental and numerically predicted centre displacement histories of the steel plate in
the test S6-68-Al. The experimental and numerical peak dynamic displacements were 52
mm and 50.5 mm, respectively. The numerical model closely predicted the centre
displacements up to the maximum dynamic displacement, but it did not capture the
permanent centre displacement of the steel plate. The permanent centre displacement of
the steel plate was measured as 40 mm at the end of the test which is 25 percent higher
compared to the reference test. However, it is important to note that the distance between
the charge centre and the cover plate for the test with the RHS panel was relatively small
(175 mm) compared to the distance between charge centre and the steel plate in the
reference test (300 mm). Thus, the blast loading applied on the panel was significantly
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higher than in the reference test, such that the applied impulse on the RHS-A panel is also
higher than that applied on the steel plate in the reference test.

Figure 5.14. Comparison of centre displacement histories of the steel plates with and
without RHS-A protective system for 1 kg of NM charge at a standoff distance of 175
mm
In order to make a fair comparison in terms of applying similar impulses in both
situations (with and without protection), a numerical simulation was performed for a
similar type of the steel plate subjected to a blast loading from 1 kg NM at 175mm
standoff distance to compare it with the displacement results of the S6-68-Al test. The
centre displacement histories of the bare steel plate, when NM charge is placed 175 mm
from the steel plate, are also shown in Figure 5.14 in comparison with other cases. It can
be seen that the RHS-A panel system was able to reduce the centre displacements of the
steel plate from 58.7 mm to 40 mm (considering the residual displacement of the
experiment) which is a 32 percent reduction of the residual displacement compared to the
steel plate without any protection. Even though there is a discrepancy between
experimental and numerically predicted residual centre displacements, the numerical
model results can be taken as reasonable predictions and can be used for further studies
110

considering the predicted deformation shapes, dynamic peak displacements and the use
of simplified loading conditions.
5.4.3 Steel plate with RHS-B system (S6-54-Al, test no. 3): experiment vs numerical
The experimental results for the S6-54-Al test where steel plate was protected
with re-entrant honeycomb sandwich panel design B are presented with the numerical
simulation results. The steel plate protected by a re-entrant honeycomb sandwich panel
design B (RHS-B) which had re-entrant unit cells with the re-entrant angle of 54 degrees,
was subjected to blast loading from a 1 kg of NM charge at a standoff distance of 175
mm (from the cover plate), which is similar to the test with RHS-A. The close proximity
NM charge detonation produced large plastic deformation in the top aluminium cover
plate with around 300 mm diameter indentation in the central region as shown in Figure
5.15(a). No fracture occurred on the cover plate. Moreover, the large number of tiny dents
similar to the previous test can be found on the top surface of the cover plate, which
further proves the effect of the localised impact of expanding detonation products and
afterburn in close-range blast loadings.
The numerical model was able to accurately capture the plastic deformation and
the global indentation of the cover plate as shown in Figure 5.15(a). Several asymmetrical
warpages can be noticed on the cover plate in the XZ plane which could be attributed to
errors arising from asymmetrical blast loading. Regardless of the asymmetric deformation
of the cover plate, the RHS-B system symmetrically deformed as shown in Figure 5.15,
and the numerical model also captured it perfectly. The densification of re-entrant
honeycomb unit cells was slightly non-uniform but most of the unit cells were completely
deformed in a vertical direction by plastic bending of the inclined walls of the unit cells.
The unit cells of the top two layers and both left and right sides were completely densified
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while the rest of the unit cells were partially densified (by looking at the side view of the
panel), which was correctly captured by the numerical model.

Figure 5.15. Deformed shape of RHS-B system under the blast loading from 1 kg NM at
175 mm standoff distance: experimental vs simulation: (a) front view and (b) central
cross-sectional view
However, the central cross-sectional view (see Figure 5.15(b)) of the RHS-B
system indicated that the re-entrant unit cells in the central localised deformation region
completely densified, and there is no evidence of NPR behaviour. The final thickness of
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the central region of the RHS-B system was around 32 mm in the experiment, and it was
closely captured by the numerical simulation as 27.5 mm (see Figure 5.15(b)).
In the previous test with the RHS-A panel, the side unit cells deformed with lateral
shear and stretched towards the loading centre. But in the RHS-B design, all unit cells
deformed under normal compression and there was no evidence of lateral shear or stretch
towards the centre. The numerical simulation was able to capture this behaviour and also
the fact that RHS-B system did not show NPR behaviour under the applied blast loading.
According to the numerical simulation, the RHS-B panel full densification occurred
within 2.5 ms due to a very high peak overpressure and very short duration impulse from
the close-range blast loading. It appears that the blast loading did not provide sufficient
time for the panel to deform and exhibit NPR behaviour. Furthermore, this behaviour
could be attributed to the re-entrant angle of the unit cells where RHS-B design had a
smaller angle than the RHS-A design which enabled more gradual densification of the
unit cells than the RHS-A design. The effect of unit cell internal angle is further discussed
in Section 5.5.
The response of the steel plate underneath the RHS-B system is a primary concern
in this study. Figure 5.16 shows the comparison of experimentally and numerically
obtained centre displacement histories of the steel plate with the protective system (RHSB) along with the measured residual centre displacements of the steel plate after the test.
The steel plate response was similar to the previous test with RHS-A system. In this test,
the steel plate experienced 55 mm peak dynamic displacement and around 42 mm
permanent (residual) displacement. Similar to the test with RHS-A system, the steel plate
experienced more significant damage with a 31 percent increase of the permanent
deformation over the reference test where the steel plate was exposed to a blast loading
from a 1 kg of NM charge at a standoff distance of 300 mm. As is explained in the
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previous section, it is important to note that the blast loading or impulse on the cover plate
in the test with RHS-B system is greater than that on the steel plate without any protection
in the reference test.

Figure 5.16. Comparison of the centre displacement histories of the steel plate with and
without the RHS-B protective system under the blast loading of 1 kg NM at 175 mm
standoff distance
Thus, to make a fair comparison, the centre displacement histories of the steel
plate with RHS-B system were compared with the numerically obtained centre
displacement history of a steel plate without any protection under similar blast loading or
impulse, to the steel plate protected with RHS-B system, which was subjected to a blast
loading from a 1 kg of NM charge at a standoff distance of 175 mm. In that case, a 28.5
percent reduction of the permanent centre displacement can be observed when the results
are compared with the results of the bare steel plate. As in the previous case, the numerical
model closely predicted the centre displacements up to the peak dynamic displacement
of 52 mm. The permanent centre displacement of the steel plate in the numerical model
was around 49 mm, which is 16 percent larger than the experimental permanent centre
displacement of the steel plate with RHS-B system. The centre displacement histories of
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the steel plates with RHS-A and RHS-B protective systems were very similar in shape.
The RHS-A system performed better in terms of reducing the centre displacement in the
steel plate, compared with the RHS-B system. Despite the deviation of the numerically
predicted permanent displacements, the numerical model was in good agreement with the
experimental results supporting the use of the simplified method for applying blast
loading from close-range detonations used in this study.
5.5 PERFORMANCE CHARACTERISATION OF RHS PANELS FOR NEARFIELD BLAST LOADING: PARAMETRIC STUDY
5.5.1 Effect of standoff distance on auxetic behaviour
In this section, the effect of varying standoff distances on the performance of the
RHS panel systems shown in Figure 5.2 is studied numerically. The standoff distance
(SD) (the distance from the cover plate to the centre of the charge) was varied from 175
mm to 700 mm, which is the upper limit for the BIIM (the near-field blast flow regime).
The previously calibrated and validated numerical models were utilised with the BIIM
calculated nodal velocities. Variation of the RHS panel cores’ deformation patterns and
the effective negative Poisson’s ratio, due to varying standoff distances will be presented
in this section.
The RHS panel systems show anisotropic behaviour for the effective negative
Poisson’s ratio (ENPR). Planes perpendicular to the axes of auxetic unit cells (shown in
Figure 5.17) along the Y direction exhibit high variation of ENPR, and the planes
perpendicular to it have a negligible ENPR. The evolution of ENPR of both designs in
the transverse (XZ) plane during the densification process under each standoff distance
was traced using FE simulations. The EPR in the middle XZ plane is the plane that gives
maximum ENPR along the Y direction and is considered in this study. The ENPR of the
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system was calculated using the displacements of four representative nodes as shown in
Figure 5.17 similar to the work performed by Qi et al. (2017). The ENPR of the RHS
system was calculated using Eq. 5.4.

Figure 5.17. Representative nodes traced and parameters used for ENPR calculations
of RHS panels
∆𝑙𝑙 + ∆𝑙𝑙2
− 1
𝜀𝜀𝑥𝑥
(∆𝑙𝑙1 + ∆𝑙𝑙2 ) ∙ ℎ
𝑙𝑙
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = − = −
=−
∆ℎ + ∆ℎ2
𝜀𝜀𝑧𝑧
(∆ℎ1 + ∆ℎ2 ) ∙ 𝑙𝑙
− 1
ℎ

Eq. 5.4

The variations of the ENPR with time for different standoff distances for both
RHS panel systems are shown in Figure 5.18. It can be observed that the ENPR of both
systems increases with the standoff distance. In general, the ENPR of the RHS systems
increases with time up to a certain value which depends on the standoff distance. It could
be attributed to the characteristics of the blast loading such as loading duration. For
instance, since the RHS systems show nearly instantaneous crushing and densification
rather than auxetic behaviour when subjected to large magnitude highly localised blast
impulse for very close-range detonations, the ENPR of these systems shows relatively
low values. When the explosive charge moves away from the structure, the blast loading
becomes less intensive and less localised which gives enough time to the auxetic (RHS
panel) core to deform showing the auxetic behaviour.

116

Figure 5.18. Variation of ENPR with time for different standoff distances: (a) RHS-A
and (b) RHS-B
Furthermore, it can be seen that the RHS-A system shows higher ENPR values
than the RHS-B system for the same standoff distances. The RHS-B system attained
higher ENPR values for larger standoff distances. This demonstrates that the RHS system
performance depends on the auxetic core unit cell design. This could be attributed to the
RHS-A and B systems’ deformation patterns, which vary with standoff distance as shown
in Figure 5.19. Three main deformation patterns can be identified. For the very closerange (up to scaled distance 0.30 m/kg1/3 from the cover plate) blast loading, the RHS
systems deformed with highly localised plastic deformation near the central region. In
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this case, the RHS systems densified very quickly and transferred a large amount of blast
impulse to the main structure as observed in the experiments in this study.

Figure 5.19. Final deformation shapes of the RHS systems at varying standoff distances
for 1 kg NM charge (central cross-sectional views): (a) RHS-A; and (b) RHS-B
For a particular range of detonations depending on the auxetic core design
(between 0.30 and 0.40 m/kg1/3 and 0.30 and 0.70 m/kg1/3 scaled distance for RHS-A and
RHS-B, respectively) where the blast loading is less intensive and localised, the RHS
systems demonstrated more pronounced auxetic behaviour while distributing the loading
more evenly throughout the RHS system. In this range of standoff distances, the RHS
systems absorb most of the blast energy while minimising the damage to the main
structure. At the scaled distances over 0.40 m/kg1/3 for RHS-A and 0.70 m/kg1/3 for RHSB, the RHS systems demonstrate dome-shaped deformation of the top surfaces. Both
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designs show higher ENPR values when the RHS system’s core starts to deform like a
dome shape.
It is interesting to note that these deformation patterns can be observed for both
designs but the standoff distances at which the deformation pattern transformation
happened varied with the RHS design. The dome-shaped deformation pattern
transformation started at around 0.40 kg/m1/3 standoff distance for the RHS-A while that
for the RHS-B happened at around 0.70 kg/m1/3 standoff distance. This could be attributed
to the stiffness of the RHS systems. The RHS-B system’s stiffness is lower than that of
the RHS-A system because the internal angle of the re-entrant honeycomb unit cells was
smaller, which affected the initial resistance of the RHS-B system to impulsive loading.
The effect of this deformation pattern transformation on the blast protection of the main
structure is discussed in the next section. It is also important to note that the observations
in this study only apply to the configurations of RHS systems manufactured for this study,
and performance could be different for other designs.
5.5.2 Damage evaluation of the main structure protected by the RHS systems
The two important displacement results (peak dynamic and permanent
displacements) of the steel plate (main structure), which is protected with the RHS-A and
RHS-B systems, for standoff distances from 175 mm to 700 mm (scaled distances from
0.175 to 0.70 m/kg1/3) are summarised in Table 5.5; along with the displacement results
for the corresponding bare steel plate for the standoff distances from 175 mm to 700 mm.
In Table 5.5, it is important to note that the standoff distance in the case with RHS system
is taken as the distance between the charge centre and the top surface of the cover plate
and that for the corresponding reference test is considered as the distance between the
charge centre and the top surface of the steel plate.
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The relative damage reduction of the steel plate due to the RHS protective systems
is defined in terms of the peak dynamic displacement and the permanent deformations of
the steel plate (which was protected with RHS panel) with respect to the corresponding
values of displacements of the corresponding case of the bare steel plate. The relative
damage reduction in terms of the peak dynamic displacement of the steel plate (main
structure) at a scaled distance 𝑍𝑍, 𝛿𝛿(𝑍𝑍), can be expressed as given in Eq. 5.5, where

𝑑𝑑(𝑍𝑍)𝑟𝑟𝑟𝑟𝑟𝑟 is the maximum dynamic displacement of the bare steel plate and 𝑑𝑑(𝑍𝑍)𝑅𝑅𝑅𝑅𝑅𝑅 is the

maximum dynamic displacement of the protected steel plate (with RHS system) at the
scaled distance of 𝑍𝑍. Such that the relative damage reduction in terms of the permanent

displacement of the steel plate can also be calculated from Eq. 5.5 by substituting the
corresponding maximum dynamic displacement values with permanent displacements
values.
𝛿𝛿(𝑍𝑍) =

𝑑𝑑(𝑍𝑍)𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑑𝑑(𝑍𝑍)𝑅𝑅𝑅𝑅𝑅𝑅
× 100
𝑑𝑑(𝑍𝑍)𝑟𝑟𝑟𝑟𝑟𝑟

Eq. 5.5

It can be identified from Table 5.5 that the RHS protective systems significantly
reduced the peak dynamic and permanent deformations of the steel plates for all the
loading scenarios. For example, the relative damage reduction of the permanent
displacement achieved by the RHS-A and RHS-B systems at 𝑍𝑍 = 0.3 m/kg1/3 was 74
percent and 64 percent, respectively. However, the damage reductions in terms of the

permanent displacement at 𝑍𝑍 = 0.175 m/kg1/3 by RHS-A and RHS-B systems was only
18 % and 17% respectively, which is relatively very low compared to the damage

reduction at 𝑍𝑍 = 0.3 m/kg1/3. This could be mainly due to the instantaneous densification
of the RHS panels at 𝑍𝑍 = 0.175 m/kg1/3 as explained in previous sections. It can be

observed from Table 5.5 that the bare steel plate experienced around 11 mm permanent
deformation at 𝑍𝑍 = 0.5 m/ kg1/3 after which its response was elastic without damage. This
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identifies the critical threat region as up to 0.5 m/kg1/3 from the main structure. The critical
threat region can be reduced to 0.4 m/kg1/3 with the RHS protective systems as is
demonstrated in Table 5.5.
Table 5.5. A summary of the central displacements of the steel plate with and without

Scaled distance / m/kg1/3

protection
Peak dynamic
displacement / mm

Permanent
displacements / mm

With
protection

With
protection

Damage reduction / %
Permanent
disp.

Peak disp.

Bare
steel
plate

Bare
steel
RHS- RHS- plate RHS- RHS- RHS- RHS- RHS- RHSA
B
A
B
A
B
A
B

0.175

59.1

50.8

52.0

58.7

48.0

49.0

14

12

18

17

0.300

38.0

22.5

24.2

32.6

8.6

11.8

41

36

74

64

0.350

34.3

18.3

20.8

25.2

6.2

7.7

47

39

75

70

0.400

31.3

16.5

17.4

18.9

4.4

4.8

47

44

77

75

0.450

28.3

15.4

14.9

13.9

-

-

46

47

-

-

0.500

26.0

14.6

12.0

11.0

-

-

44

54

-

-

0.550

24.0

13.9

10.8

-

-

-

42

55

-

-

0.600

22.1

13.1

8.9

-

-

-

41

60

-

-

0.650

20.4

12.5

8.6

-

-

-

39

58

-

-

0.700

18.8

11.7

8.1

-

-

-

38

57

-

-

The RHS-A system performed more effectively in terms of damage reduction than
the RHS-B system for the blast loading scenarios from 0.175 kg/m1/3 to 0.4 kg/m1/3, but
the RHS-B system showed superior performance for 𝑍𝑍 > 0.4 kg/m1/3. This performance
could be attributed to the differences in deformation shape of the RHS-A and RHS-B
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systems and ENPR (see Figure 5.19); the RHS-A system showed the higher ENPR and
more uniform load distribution over the main structure compared to the RHS-B system
for scaled distances up to 0.4 kg/m1/3.

When 𝑍𝑍 = 0.175 - 0.3 m/kg1/3, both RHS systems behaved in a similar manner

since both systems did not have sufficient time to undergo plastic deformation exhibiting
NPR behaviour. As described in Section 5.4, the RHS system’s densification occurred
within a very short period (densification of the central portion occurred within 0.2 ms and
full densification of the panel occurred within 1ms) and resulted in the formation of a
solid projectile, thus transferring a large amount of blast energy to the steel plate to
increase the damage. Therefore, it appears that the effect of the internal angle of the reentrant unit cells on the blast performance of the studied RHS systems, under very close
proximity detonations (𝑍𝑍 < 0.3 m/kg1/3), is minimal due to the extremely fast progression
of the damage mechanism. Based on the results of this analysis, it can be concluded that
the RHS systems tested in this study were under-designed for the blast loading scenario
of 1 kg NM charge at a standoff distance of 300 mm. However, the range of scaled
distance where these particular RHS systems performed well is identified through the
analysis.
It can be concluded based on Table 5.5 that the RHS-A system is more effective
for close-range detonations with 𝑍𝑍 < 0.4 m/kg1/3 and the RHS-B system is effective for
more distant detonations with 𝑍𝑍 > 0.4 m/kg1/3. Generally, the RHS-B system is effective

for a wider range of blast detonations owing to its lower stiffness due to the smaller
internal angle of the unit cells.
When the tested RHS systems are subjected to a blast impulse less than their
design capacity, for instance, 𝑍𝑍 > 0.5 m/kg1/3 for RHS-A and 𝑍𝑍 > 0.65 m/kg1/3 for RHS122

B, the RHS systems start forming a dome-shaped top surface as shown in Figure 5.19.
This dome-shaped bulging of the RHS system is a result of the NPR behaviour and could
be beneficial in terms of deflecting the blast waves. As discussed previously, the RHS
systems considered in this study eventually reached a position where they are not
subjected to sufficient impulsive loading to deform as designed and therefore produce a
minimal reduction of the external blast impulse. On the other hand, that could be
considered as an indication of an over-designed RHS system for the given blast loading.
Such performance of the RHS systems can be observed for a blast threat characterised by
𝑍𝑍 > 0.7 m/kg1/3. In this case, it would be more effective to design the RHS system with

lower design capacity by using thinner walls, smaller internal angle or smaller number of
the auxetic layers.
The three variables which need to be considered to design an RHS system can be
identified as the external total blast impulse, design capacity of the RHS system, and
design strength of the main structure. Overall, there is a limit for an RHS system where it
stops performing as an auxetic structure. The limits for the RHS-A and RHS-B designs
appear to be the scaled distances of 0.55 m/kg1/3 and 0.65 m/kg1/3, respectively.
Table 5.5 presented and compared the two important displacement values of the

steel plate when it is protected with the RHS system with the results of the similar steel
plate without the protective system when both systems are subjected to similar blast
impulses. On the other hand, the distance between the charge centre and the top surface
of the cover plate in the case with the protective system is similar to the distance between
charge and the top surface of the 6 mm steel plate in the corresponding bare steel plate
case (fair comparison). However, there could be situations where the explosive charge
remains in the same position from the main structure despite the presence of the protective
system. This kind of situation was considered for the experiments in this investigation. In
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this case, the blast impulse on the total system with RHS protective system is significantly
higher than the total system without the protective system. To show the effectiveness of
the RHS panel system for the above-mentioned situation, the displacement results in
Table 5.5 is re-arranged as presented in Table 5.6.
Table 5.6. Comparison of the steel plate's centre displacements with and without the
RHS protection (when the 1 kg of NM charge fixed in space at the same distance from

Scaled distance / m/kg1/3

the steel plate for both steel plate with and without RHS panel)
Peak dynamic
displacement / mm

Bare
steel
plate

Permanent
Damage reduction / %
displacements / mm

With
Peak disp.
Bare protection
steel
RHS- RHS- plate RHS- RHS- RHS- RHSA
B
A
B
A
B

Permanent
disp.

With
protection

RHS- RHSA
B

0.300

38.0

50.8

52.0

32.6

48.0

49.0

-33.7

-36.8

-47.2

-50.3

0.400

31.3

22.5

24.2

18.9

8.6

11.8

28.1

22.7

54.5

37.6

0.450

28.3

18.3

20.8

13.9

6.2

7.7

35.3

26.5

55.4

44.6

0.500

26.0

16.5

17.4

11.0

4.4

4.8

36.5

33.1

60.0

56.4

It can be observed from Table 5.6 that the damage reduction percentages become
negative for blast loading scenarios of 𝑍𝑍 < 0.4 m/kg1/3 indicating a damage amplification

of the steel plate (main structure) due to the use of RHS protective systems. This can be
attributed to the rapid densification of the RHS panel’s core as explained in previous
sections. However, for the blast loading scenarios, 𝑍𝑍 ≥ 0.4 m/kg1/3, the RHS panel system

would effectively protect and minimize the damage on the steel plate by absorbing the
energy through plastic deformation of the core. Thus, it can be concluded that both RHS
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panel systems are effective for the blast loading scenarios where 𝑍𝑍 ≥ 0.4 m/kg1/3
considering both situations in Table 5.5 and Table 5.6.

5.5.3 Performance characterisation of RHS systems for military applications
Various applications require lightweight high-performance technologies to
protect critical infrastructure which can be subjected to accidental or deliberate blast and
impact loads. One of the practical applications of the proposed RHS protective system is
as a protective layer for military vehicles (see Figure 5.20) to protect them against the
close-range detonation of landmines and improvised explosive devices (IED). Military
vehicle’s exterior panelling is usually made from 10 mm steel armour plates with different
types of energy-absorbing technologies. In this section, the capabilities and protection
levels of the proposed RHS panel system are discussed when the RHS systems are
attached to the vehicle floor plate as shown in Figure 5.20. The explosive mass could vary
in this case from 1 kg to 10 kg, and the standoff distance can be generally taken as the
distance between vehicle bottom to the ground which is usually between 300 mm and 400
mm. The RHS system proposed in this paper was modified for this application by
changing the cover plate material from aluminium to steel, and a 10 mm steel plate was
considered as the main structure.

Figure 5.20. A practical application of RHS systems to protect military vehicles from
close-range detonations of IEDs (picture adapted from ref (Imbalzano et al. 2015))
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The performance of the RHS systems (both designs) was evaluated in terms of the
maximum dynamic and permanent deformations and the total transferred impulse to the
main structure. Replacing a 3 mm thick aluminium cover plate with the same thickness
steel plate improved the RHS system’s performance despite the slight increase of the total
mass of the system. The increase in performance could be due to the improved blast load
distribution throughout the RHS system, which reduced the localised deformation of the
panels. The maximum ENPR values for the RHS-A and B systems under the blast loading
from a 1 kg TNT equivalent charge at a standoff distance of 300 mm are -0.2 and -0.12,
respectively. The maximum ENPR values were boosted by a factor of 2 for both systems
by changing the cover plate material from aluminium to steel.
Table 5.7. Performance evaluation of RHS systems in terms of total transferred impulse

Charge
mass / kg

Standoff
distance /
mm

Applied
total
impulse
(BIIM) /
N.s

Total transferred
impulse to the main
structure (calculated
from SDOF) / N.s

Total transferred
impulse as a
percentage of total
applied impulse / %

RHS-A

RHS-B

RHS-A

RHS-B

300

429

133

122

31

28

400

304

115

90

38

30

300

840

475

541

57

64

400

596

175

305

29

51

300

1262

918

914

73

72

400

894

546

590

61

66

1

2

3

The total transferred impulse to the main structure from the protective system is
another important factor to be considered in the design and development process of the
blast protective systems. The total transferred impulse (TTI) should be as low as possible
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for a properly designed protective system. The total transferred impulses from the RHS
systems under different loading conditions are summarised in Table 5.7 along with the
total applied blast impulses. The total transferred impulse (TTI) from the RHS systems
for each blast loading case was estimated from the initial kinetic energy acquired by the
steel plate (main structure) and utilising an equivalent Single-Degree-of-Freedom
(SDOF) model of the steel plate; the procedure of calculating the TTI is described below.
The steel plate supported on its four edges can be idealised with an equivalent
mass, 𝑀𝑀𝑒𝑒 , connected to a massless spring representing the resistance of the steel plate
system to deformation (see Figure 5.21). The following outlines the steps for the total

transferred impulse calculation procedure.

Figure 5.21. The steel plate system transformed to equivalent SDOF system and
parameters
Total mass of the steel plate, 𝑚𝑚

=

0.7 × 0.7 ×0.01 ×7850 = 38.465 kg

=

0.182 × 38.465 = 7.0 kg

Effective mass for the equivalent SDOF
system, 𝑀𝑀𝑒𝑒 = 𝐾𝐾𝑀𝑀 × 𝑚𝑚

where 𝐾𝐾𝑀𝑀 is the mass transformation factor for a plate fully supported on four

edges, and the value of 0.182 was taken from the ref. (Morison, 2006).

127

Kinetic energy of the SDOF system, 𝐾𝐾𝐾𝐾

=

(𝐾𝐾𝐼𝐼 × 𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 )2 /(2 × 𝑀𝑀𝑒𝑒 )

where 𝐾𝐾𝐼𝐼 is the BIIM impulse transformation factor for 10 mm thick steel plate

and 𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the total transferred impulse.

First, the maximum kinetic energies acquired by the 10 mm thick bare steel plate

was obtained from the LS-DYNA model and was used to estimate the 𝐾𝐾𝐼𝐼 . The estimated
value for 𝐾𝐾𝐼𝐼 is 0.53 for 10 mm thick steel plate.

Then, the kinetic energies of the steel plate protected with RHS system, 𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅 ,

was obtained from the LS-DYNA model and was used to estimate the total transferred
impulse, 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , as follows:
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

=

�2 × 𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅 × [𝐾𝐾𝑀𝑀 × (𝑚𝑚 + 0.5 × 𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅 )]
𝐾𝐾𝐼𝐼

where 𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅 is the mass of the RHS system. The use of RHS system increases the mass

of the system and it was considered as a lumped mass. It is important to note that half of
the total mass of RHS system was considered for calculations since only central part of
the RHS panel was in contact with the steel plate for less than 3 ms and provided the
contribution to the dynamic deformation of the steel plate.
Based on Table 5.7, the current configurations of both RHS systems are only
capable of effectively mitigating near-field detonations that result in the total applied
impulse on the cover plate not exceeding 600 Ns. Further increase of the explosive mass
would result in a highly localised collapse of the RHS system thereby transferring greater
than 55% of the applied total blast impulse to the main structure.
RHS systems design optimisation analysis was performed numerically
considering a blast loading scenario of 2 kg TNT equivalent charge at a standoff distance
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of 300 mm (from the cover plate). The internal angle of the unit cells was maintained at
54 degrees while the number of layers and the wall thickness of the RHS system were
varied. The number of layers of the RHS system was limited to six auxetic layers to keep
its total thickness under 150 mm. The percentage reduction of the total transferred blast
impulse to the steel plate (main structure) was estimated and used to evaluate the systems’
performance. The capability of reducing the total transferred impulse has been shown to
increase with increasing the unit cell wall thickness and the number of layers as shown in
Figure 5.22. It is also important to note that the mass of the RHS systems also increases
with the cell wall thickness and the number of layers.

Figure 5.22. Dependence of total transferred impulse with the unit cell configuration
(unit cell internal angle: 54 degrees and loading scenario: 2 kg of TNT EQ at SD = 300
mm)
A similar trend can be observed in the reduction of the maximum centre
displacement of the steel plate as shown in Figure 5.23, which correlates well with the
impulse calculations. Figure 5.24 shows the dependency of maximum effective negative
Poisson’s ratio with the number of layers and the wall thickness of the auxetic core of the
RHS system. The ENPR of the RHS systems increases with the number of layers and
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with increasing the wall thickness. The RHS system with 6 auxetic layers and 1 mm wall
thickness gives best ENPR behaviour under the considered blast loading. This
optimisation study has demonstrated that the initial design configurations of the RHS
protective systems were under-designed for the given blast threat and the conditions of
the main structure. In general, the selection of suitable RHS design for a particular blast
impulse loading should be made considering the maximum applied total blast impulse,
the strength of the main structure as well as the mass of the RHS system as described in
the previous sections.

Figure 5.23. The effect of number of layers and wall thickness on the damage reduction
of the steel plate (unit cell internal angle: 54 degrees,10 mm thick steel plate and
loading scenario: 2 kg of TNT EQ at SD = 300 mm)
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Figure 5.24. The effect of number of layers and wall thickness on the maximum effective
Poisson's ratio (unit cell internal angle: 54 degrees, 10 mm thick steel plate and loading
scenario: 2 kg of TNT EQ at SD = 300 mm)
5.6 CHAPTER SUMMARY AND CONCLUSIONS
This Chapter explained the experimental and numerical investigation carried out
to study the performance of two designs of re-entrant honeycomb-cored sandwich (RHS)
panel systems as protective systems for steel main structures. Field blast trials were
performed for bare steel plates, and steel plates protected with re-entrant honeycomb
cored sandwich panel systems, under close-range detonation of liquid nitromethane
explosive charges to evaluate the effectiveness of the protective system. The experimental
results were then used to develop high-fidelity finite element numerical models using LSDYNA software. The blast impact impulse method (BIIM), which is a simplified model
for the calculation of near-field blast impulse on the structures, was utilised for the
application of blast impulse loading. The numerical simulation results were in reasonably
good agreement with the experimental results. The parametric study was carried out to
evaluate the protection capabilities of the auxetic based sandwich panel systems as a
protective structure for steel structures under the blast loading of 1 kg NM at varying
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standoff distances. Additionally, an optimisation study was performed for the RHS
system as a protective system for a typical military armoured vehicle. The major findings
and conclusions drawn from experimental and numerical results can be summarised as
follows:
•

The re-entrant honeycomb cored sandwich panel systems can be
effectively used for protection of steel structures subjected to close-in blast
loads. The computational models are in good agreement with experimental
results and can be used for practical design applications.

•

Under close-range blast loading conditions (scaled distance 𝑍𝑍 < 0.3
m/kg1/3), the auxetic (RHS panel) core could densify within a very short

period of time and turn into a solid high-velocity projectile, thus enhancing
damage to the main structure rather than mitigating damage.
•

The effect of the internal angle of the auxetic unit cells on the blast
performance is negligible at very close-range blast loads (𝑍𝑍 < 0.30 m/kg1/3)
due to the fast progression of the RHS panel’s core deformation
mechanism. The value of the internal angle becomes more important for
medium range (0.30 m/kg1/3 < 𝑍𝑍 < 0.70 m/kg1/3) blast loads, where the re-

entrant honeycomb core deformation shows auxetic behaviour. RHS-A

system is more effective for blast detonations with 𝑍𝑍 < 0.4 m/kg1/3, while
RHS-B system is more effective for scaled distances 0.40 m/kg1/3 < 𝑍𝑍 <
0.65 m/kg1/3.
•

The RHS systems showed low effective negative Poisson’s ratios of 0.15
and below for scaled distances 𝑍𝑍 < 0.35 m/kg1/3. For detonations with
scaled distances 0.35 m/kg1/3 < 𝑍𝑍 < 0.7 m/kg1/3, the RHS panel systems

demonstrated the effective negative Poisson’s ratios up to 0.7.
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•

The optimisation study for the anti-mine protective system subjected to
the blast impulse from the explosive threat of 2 kg TNT at 300 mm showed
that the performance of the RHS systems could be improved by increasing
the number of auxetic layers and the wall thickness. In general, this study
has demonstrated that RHS systems should be designed with care
considering the maximum blast impulse, the design strength of the main
structure, and the design capacity of the RHS system to avoid overloading
the main structure.

•

The close-in blast loading calculated using the BIIM method provided
conservative blast impulse predictions of an extremely complex loading
environment of close-in blast detonations. Model calibration was required
owing to the uncertainty with the properties of explosive materials used in
the calculations. In this investigation, a scale factor of 0.75 applied to the
BIIM-calculated blast impulse was employed based on the calibration
study using the results of live explosive tests with NM charges.
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CHAPTER 6 CLOSE-IN BLAST PROTECTION OF CONCRETE
STRUCTURES USING RE-ENTRANT HONEYCOMB SANDWICH
PANELS: EXPERIMENTAL INVESTIGATION
6.1 OVERVIEW
In this chapter, the second part of the study, to investigate the performance and
response of re-entrant honeycomb sandwich (RHS) panels to protect reinforced concrete
structures under close-in blast loads, is presented. Concrete is the second most-consumed
material in the world and used to construct critical infrastructure facilities such as
government buildings, military installations, airports, power plants and chemical and oil
processing plants. Owing to the increase in terrorist activities in recent years, there is an
emerging requirement to protect those infrastructures from deliberate as well as
accidental extreme loads. Sandwich panels with deformable cores have attracted much
attention in recent years due to their advantages like light weight and high energyabsorbing capability. However, the performance evaluation of sandwich panels with
auxetic cores to protect concrete structures has been limited to numerical simulations and
only a few experimental studies due to the difficulties associated with carrying out field
experiments and fabricating large-scale auxetic sandwich panels.
The research team at Centre for Infrastructure Protection and Mining Safety of the
University of Wollongong in collaboration with the researchers from the Dalian
University of Technology carried out the world-first experiment on a large-scale auxetic
protective system for close-in blast (Qi et al., 2017). The protective system consisted of
a re-entrant honeycomb core sandwich panel and a 9.4 mm thick steel plate as the cover
plate. The test was performed using 250 g of composition B charge at a clear distance of
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10 mm from the cover plate. The protective system performed very well under close-in
blast load thereby protecting the RC slab. The steel plate provided a significant
enhancement of the energy absorption via localised plastic deformation but at the same
time increased the aerial density of the protective system. However, no experimental work
has been done so far to investigate the performance of auxetic sandwich systems with
lightweight cover plates.
To fill this gap in the research area, a series of large-scale field experiments were
carried out for one-way simply supported reinforced concrete (RC) slabs protected with
re-entrant honeycomb-cored sandwich panel systems with lightweight cover plates. The
RHS panels were fabricated from 0.6 mm aluminium sheets using the fabrication method
described in Chapter 4. The field blast trials were conducted at a blast range in New South
Wales using spherical Nitromethane high-explosive charges. Performance of the
protective system was assessed by the level of damage to the RC slabs based on the peak
deformation and angle of rotation. The effect of the lightweight cover plate material type
used on the RHS panel system was studied. The importance of understanding the
behaviour of large-scale auxetic protective systems under close-in blast loading through
experiments is highlighted using the results of preliminary LS-DYNA numerical models
that were run in the planning stage of the experiments. This chapter confirms the
importance of carrying out large-scale experiments, despite the cost and difficulties
associated with field trials, to understand the response of protective systems that might
show significant deviation from the numerically obtained results.
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6.2 SPECIMEN DETAILS, PREPARATION AND EXPERIMENTAL SET-UPS
6.2.1 Specimen details and preparation
The performance of RHS panels to protect concrete structures was evaluated in
this investigation, and RC slabs were considered as the main structure. The experimental
program is summarised in Table 6.1. Seven experiments were carried out, including two
tests for concrete slabs without any protection as reference tests and five tests for concrete
slabs each protected with different configurations of RHS panels.
Table 6.1. Experimental program - field blast trials for concrete slabs protected with
RHS panels

Test no (Test ID)

Main
structure

RHS panel / Cover
plate type

Charge mass /
Standoff distance

1 (C25)

RC slab

None

1 kg /300 mm

2 (C25-AUX68-Al)

RC slab

RHS-A / 3 mm
aluminium plate

1 kg / 175 mm

3 (C25-AUX54-Al-St) RC slab

RHS-B / 3 mm
aluminium plate + 4 mm
steel plate

1 kg / 175 mm

4 (C25-1)

RC slab

None

1 kg / 600 mm

5 (C25-AUX54CFRP)

RC slab

RHS-A / 3 mm CFRP
plate

1 kg / 475 mm

6 (C25-AUX54LDPE)

RC slab

RHS-A / 9.6 mm LDPE
sheet

1 kg / 475 mm

RC slab

Polyurethane foam filled
RHS-A / 3 mm
aluminium plate

1 kg / 475 mm

7 (C25-AUX54F-Al)

Seven concrete slabs were cast with the same reinforcement arrangement and
concrete grade to use as the main structure in the experiments. The thickness of the
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concrete slabs and reinforcement configuration were chosen based on preliminary
numerical simulations for the concrete slabs and quantifying the slab’s damage using
damage levels described in the military documents (PDC-TR 06-08, 2008; UFC 4-01001, 2020).
Figure 6.1 shows the dimensions and reinforcement details of the concrete slabs
and pictures taken during the casting of specimens. All cast slabs were identical to each
other and had the dimensions 1000 mm (long) × 500 mm (wide) × 80 mm (thick). All
slabs were cast from normal class concrete grade N25 (10 mm maximum aggregate size),
which was ordered from a concrete supplier and delivered to the laboratory. Slump test
was performed at the point of delivery, and concrete had a 120 mm slump. A total of six
standard concrete cylinders (100 mm diameter × 200 mm height) were prepared during
the casting of RC slabs to perform uniaxial compression tests at 7 days and 28 days while
two large standard cylinders (150 mm diameter × 300 mm height) were cast to carry out
splitting tensile strength tests at 28 days.
MATEST Concrete Compression Machine was used to perform the compression
tests for three specimens at 7 days and the rest of the specimens at 28 days. The rough
end of the small cylindrical specimens was capped before the test, and the test was
performed per AS 1012.9:2014 (Standards Australia 2014). The same machine was
utilised for split tensile tests for two large cylinders 150 mm diameter × 300 mm height)
at 28 days. The specimens were mounted on a steel testing jig and loading was applied
per AS 1012.10-2000 (Standards Australia 2000). The average uniaxial compression and
tensile strengths of the grade N25 concrete at 7 days and 28 days are presented in Table
6.2. The blast experiments were performed for these slabs after 30 days of casting, and
the uniaxial compressive and tensile strengths at 28 days obtained from the tests
mentioned above were taken as the strength values of the slabs at the time of testing.
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Figure 6.1. Concrete slab dimensions, reinforcement details and concrete slab casting
Table 6.2. Material testing results for grade N25 concrete mixture
Average concrete strength
Concrete strength type
Compressive strength / 𝑓𝑓𝑐𝑐 (MPa)
Tensile strength / 𝑓𝑓𝑡𝑡 (MPa)

7 days

28 days

14.5

23.2

-*

2.1

*

Splitting tensile test was not performed at 7 days
A readily available pre-welded rectangular reinforcing mesh was cut into required

dimensions and used as the reinforcement for the RC slabs (see Figure 6.1). The steel
reinforcing mesh was placed on the plywood formwork with a 25 mm concrete cover
between the bottom of the slab and the reinforcing bars and a 20 mm side cover. The
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rectangular steel reinforcing mesh was manufactured from 10 mm and 8 mm diameter
“L” grade deformed wires (D500L) that were welded together with 100 mm and 200 mm
spacing in each direction. In Grade D500L, “D” denotes the deformed wires, “L” denotes
the low ductility class, and 500 MPa yield strength.

Figure 6.2. Experimental engineering stress-strain relationships for 10 mm deformed
ribbed wires
The ductility class of steel reinforcement plays an important role when selecting
reinforcement for concrete structures that are designed for blast loading as it was found
through blast simulator tests on concrete slabs in this study. Seven samples were taken
from the steel reinforcing mesh to conduct tensile testing for 10 mm and 8 mm deformed
bars. Tensile testing was carried out using INSTRON universal testing machine following
Australian Standard AS 1391-2007-R2017 (Standard Australia 2017). Figure 6.2 and
Figure 6.3 show the engineering stress vs engineering strain relationships obtained from
tensile testing of the 10-mm and 8-mm reinforcing bars, respectively. A large variation
of the failure strain of reinforcing material was observed and could be attributed to the
inconsistencies of material structure as a result of the effects of manufacturing operation.
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Figure 6.3. Experimental engineering stress-strain relationships for 8 mm deformed
ribbed wires
Five large-scale RHS panels with different configurations were manufactured for
the experiments. The RHS panel’s core had two different unit cell configurations for
which the internal angle of the re-entrant unit cells was varied between 68 degrees and 54
degrees. Figure 6.4 shows the design parameters of the re-entrant honeycomb unit cells
used in this investigation (same RHS designs as described in Chapter 5 for the
experiments with protecting steel structures). All the RHS panels were fabricated using
Grade AA 5005-H34 aluminium alloy sheets with a 0.6 mm thickness. The overall
dimensions of the RHS panels were 500 mm × 500 mm side lengths and 100 mm height.
The RHS panels consisted of a re-entrant honeycomb core sandwiched between two 0.6
mm thick aluminium sheets (top and bottom) made from the same aluminium grade as
the core. The core of the RHS panels was formed by four layers of re-entrant unit cells
through the thickness. All RHS panels used in this investigation were fabricated following
the fabrication technique described in Chapter 4. Since the two folded aluminium layers
were bonded together to form the re-entrant unit cell, the horizontal wall components of
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the re-entrant cells had a thickness of 1.2 mm. Even though the RHS panels were designed
to have a 100 mm height, the final height of the fabricated RHS panels was 122 mm which
was slightly higher than the design height due to the imperfections inherent in the
fabrication process. Material testing for the Grade AA 5005-H34 aluminium was carried
out, and the results can be found in Section 4.5 in Chapter 4.

Figure 6.4. Design parameters of the re-entrant honeycomb unit cells :(a) RHS-A, and
(b) RHS-B
A cover plate was placed on top of the RHS panel to prevent excessive localised
damage to the panel due to the close-in blast loading. As mentioned earlier the University
of Wollongong research team in collaboration with the researchers from Dalian
University of Technology (Qi et al., 2017) carried out the experimental study for the
large-scale re-entrant honeycomb cored sandwich panel with a 9.4 mm thick highstrength steel cover plate under close-in blast loading. They reported improved protective
performance by the sandwich system due to the activated auxetic response of the core and
large localised deformation of the steel cover plate, as shown in Figure 6.5. In this study,
lightweight cover plates were investigated to reduce the aerial density of the protective
system. Three different cover plates were considered in this study, namely 3 mm thick
aluminium plate from grade AA 5005-H34, 3 mm thick Carbon Fiber Reinforced Polymer
(CFRP) plate, and 9.6 mm thick Low-Density Polyethene (LDPE) plate. To evaluate the
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effect of the cover plate type and material, three specimens were prepared for testing from
RHS-A panels with the above cover plates.

Figure 6.5. Large localised plastic deformation of the 9.4 mm thick steel cover plate in
the experiment with RHS panel

Figure 6.6. Mechanical testing of LDPE: (a) views of tensile testing; and (b)
engineering stress-strain relationship of LDPE
Uniaxial tensile strength tests were performed for standard size dog-bone
specimens which were machined from the 9.6 mm LDPE sheet to determine the
mechanical properties. The INSTRON universal testing machine was used for the testing
under quasi-static loading rate as per ASTM standard D882 (ASTM Standard, 2018).
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Strains were recorded using DIC method with the help of real-time tracking system from
Mercury RT® similar to the tensile testing of aluminium specimens which is described in
Chapter 4. Figure 6.6(a) and (b) show views of the tensile testing of LDPE specimens and
the engineering stress-strain relationships. It can be noted that the tensile strength of the
LDPE is close to 10 MPa which is very low compared to aluminium. However, it exhibits
non-linear behaviour with very large plastic strains.
One protective sandwich specimen was prepared from the RHS-A panel by filling
the voids of the core with polyurethane foam. Since the RHS panel core had very small
voids, it was decided to use a two-component liquid-based soft flexible foam, which can
be mixed and poured into the voids to produce a soft foam. S-FOAM 50 A/B 50 kg HiResilience Flexible foam from Barnes Products Pty Ltd was used as the polyurethane
foam type in this study. S-FOAM consists of two liquids called A and B, which need to
be mixed by weight ratio of 100/45 for 8 seconds, and the mixture poured into the mould
within the next 13 seconds.
Figure 6.7 shows the steps of the filling process of RHS-A panel. Each void of the
core was separately filled by mixing small amounts according to the mixing ratio and
poured into the void. Then, the mixture inside the void expanded up to the top level of
the void, and the unnecessary parts were then cut and removed. The voids in the middle
layer and the voids near the central region of the core were filled as shown in Figure 6.7.
The density of the fully expanded Polyurethane foam was expected to be around 50 kg/m3.
However, it was very difficult to achieve uniform density around 50 kg/m3 inside the
voids of the core as the density of foam changed with the amount of available space for
expansion as well as the quality of the mixture. The density of the foam inside the voids
was estimated at approximately 110 kg/m3. The foam-filled RHS-A panel was tested with
a 3 mm thick aluminium cover plate.
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Figure 6.7. Preparation of Polyurethane foam filled RHS panel
Table 6.3. Total masses and aerial densities of the fabricated protective systems

Protective system (Panel ID)

Total mass of the Aerial density of
system (kg)
the system (kg/m2)

RHS-A panel with 3 mm aluminium plate
(AUX68-Al)

9.25

RHS-B panel with 3 mm aluminium plate
(AUX54-Al)

9.25

RHS-A panel with 3 mm CFRP plate
(AUX68-CFRP)

7.55

RHS-A panel with 9.6 mm LDPE plate
(AUX68-LDPE)

8.85

Foam-filled RHS-A panel with 3 mm
aluminium plate (AUX68F-Al)

10.00

37

37

30.2

35.4

40

AUX68-Al and AUX54-Al systems were used to evaluate the effect of the internal
angle of the re-entrant honeycomb unit cells while AUX68-Al, AUX68-CFRP and
AUX68-LDPE systems were selected to evaluate the effect of cover plate material under
144

the close-in blast loads. The AUX68F-Al and AUX68-Al were compared to understand
the effect of foam filling in the voids of the auxetic core on the blast resistance under
close-in blast loads. The total mass of each protective system was measured before the
experiments and is summarised in Table 6.3.
6.2.2 Experimental set-ups
The field blast tests for RC slabs with RHS systems were carried out at the same
trial range as the experiments performed in Chapter 5 (thus, the environmental conditions
were similar for all the tests). The large, heavy steel box used in the experiments with
steel plates (see Figure 5.3 in Chapter 5) was modified to support the concrete slabs for
the experiments described in this section. The experimental set-up for the reference tests
(bare concrete slab) is shown in Figure 6.8. Simply supported boundary conditions were
provided to the concrete slabs by using triangular-shaped supports (see Figure 6.8) firmly
connected to the steel box. The clear distance between the two supports was 800 mm. The
vertical distance between the bottom surface of the RC slab and the 10 mm stainless steel
plate was 210 mm. Two steel plates with 10 mm thickness and 100 mm width were placed
between the concrete slab and the supports to prevent local damage to the concrete slab
as well as to provide free rotation around the supporting edge.
Spherical Nylon casings filled with 1 kg of Nitromethane (NM) were used as the
high explosive spherical charges as for the experiments with steel plates in the previous
chapter. As described in the previous chapter, the NM explosive was selected to overcome
the practical difficulties associated with manufacturing spherical TNT charges with
central detonation.
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Figure 6.8. Experimental set-up for the reference test: bare concrete slab
The spherical Nylon casings had a 120 mm diameter and 1 mm wall thickness and
were fabricated from non-fragmenting Nylon plastic material by using 3D printing
technology. The spherical casing was assembled from two parts, namely the bottom
hemispherical part and the top hemispherical part, and those two parts were glued together
to form the spherical casings (see Figure 6.9). The top hemispherical part had a detonator
well positioned centrally for inserting the electrical detonator. The 1 kg NM charge was
suspended by strings over the centre of the concrete slabs for the reference tests and over
the RHS panels for the experiments with protective systems to achieve the required
standoff distance. The 300-mm combination square was used to position the charge at the
required standoff distance. Two tests were carried out for two RC slabs (without any
protection) at 300 mm and 600 mm standoff distances and were considered as the
reference tests for this study.
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Figure 6.9. Details of the Spherical Nylon casings used to fill with NM liquid explosive

Figure 6.10. Experimental set-up: RC slab protected using RHS system
A similar experimental arrangement was used for the tests with the RHS
protective systems as shown in Figure 6.10. Since the RHS panel covered only the central
part of the RC panels, two foam panels were placed on either side of the auxetic panels
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as shown in Figure 6.10 to minimise blast clearing effects and to avoid additional blast
loading on the slab. There was no effect on the performance of the RHS panels due to the
foam panels as those foam panels were separated from the system just after the loading.
The RHS panels with the cover plates were centrally placed on top of the RC slabs. The
RHS system was restrained from movement by using only adhesive tape as shown in
Figure 6.10.

Figure 6.11. Schematic diagram of experimental set-ups: (a) reference test; and (b) RC
slab protected with RHS system
The standoff distance (distance from the charge centre to the top surface of the
cover plate, SD2) was maintained at 175 mm for C25-AUX68-Al and C25-AUX54-AlSt tests, while C25-AUX68-CFRP, C25-AUX68-LDPE and C25-AUX68F-Al tests were
performed at a 475 mm standoff distance. The standoff distances were chosen to maintain
the 300 mm and 600 mm standoff distances between the explosive charge and the
concrete slab (SD1). Figure 6.11 shows schematic diagrams of the experimental set-up
for both situations where reference tests and RC slabs with RHS systems were used. It
can be seen that in both situations, the explosive charges were in the same position from
the main structure. All the RC slabs were carefully inspected before the tests and no
defects or initial cracks were observed.
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6.2.3 Instrumentation and data collection
The instrumentation used for the experiments included a blast pressure transducer
(Endevco 8530C-100, 700 kPa range), a high-speed laser displacement sensor (Acuity
AR500 laser with 250 mm range) and a data acquisition system Synergy-P. The sensor
arrangements and mounting were similar to the experiments with the steel plates in
Chapter 5. The high-speed laser displacement sensor was installed inside the heavy steel
box on a secondary steel frame made from 40 mm × 40 mm steel square tubes to capture
the central displacement histories of the RC slab (see Figure 6.12). The position of the
laser sensor could be adjusted by using the position adjusting plates welded to the heavy
steel box. After installing the laser sensor at the required position, the heavy steel box
was covered with a steel plate with an oval hole in the middle to further protect the laser
sensor from concrete debris.

Figure 6.12. The laser displacement sensor installed inside the heavy steel box
A numerical analysis was carried out using ANSYS R17.1 to find out the
possibility of placing the pressure gauge near the tested specimens to obtain the reflected
pressure time histories directly on the specimens. However, it was found that it would not
be possible to obtain a clean blast pressure-time history due to the clearing effect caused
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by the geometries of the RC slabs and RHS systems. Thus, it was decided to measure
incident pressure-time histories at a fixed location. A pressure sensor supporting system
was designed and fabricated to mount the pressure gauge. The supporting system included
an aluminium disc for mounting the piezoresistive pressure transducer and a steel
supporting frame (see Figure 6.13). The sensor supporting system was firmly fixed to the
ground making sure that the vertical plane of the disc was aligned with the midplane of
the NM charge. The distance between the charge centre and the pressure gauge was 2470
mm for all the tests.

Figure 6.13. The pressure sensor holding system and placement on the ground
Both the laser displacement sensor and the pressure gauge were connected to the
high-speed Synergy-P Data Acquisition System (Hi-Techniques Synergy series) using
two separate input modules providing eight data recording channels. The sampling rates
of 500 kS/s and 50 kS/s were used for the pressure gauge and the laser displacement
sensor, respectively. The Synergy-P Data Acquisition System was placed around 50 m
away from the location of testing. A GoPro Hero camera was installed near the testing
location to record the response of the specimens during the explosive detonations. The
maximum available frame rate of 120 Hz in the GoPro Hero was used for filming. It
would be problematic to get high-speed video recordings of the panel deformation
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sequence due to the formation of the fireball during the test. Therefore, the panels’
performance was not recorded by using high-speed video cameras. Instead, a DJI Mavic
2 Pro drone was used to record the response of the specimens from different directions
and heights during the tests. It was found that the drone could be positioned reasonably
close to the specimen set-up without any interruption from the shockwave. Figure 6.14
shows a close view of the data acquisition system and a photo of the trial site taken by the
drone.

Figure 6.14. (a) Data acquisition system; and (b) view of the test site captured from the
drone
6.3 EXPERIMENTAL RESULTS AND DISCUSSION
6.3.1 Bare Concrete slab tests (C25 and C35-1, reference tests)
Two reinforced concrete slabs were tested as the reference tests for comparison
with the response and damage levels of the RHS protective systems. RC slab C25 was
subjected to a close-in blast load generated from a 1 kg spherical NM charge suspended
at 300 mm standoff distance (SD). RC slab C25-1 was tested at a standoff distance of 600
mm. Figure 6.15 shows views of the damaged concrete slab C25 after sustaining a blast
loading from 1 kg NM charge at 300 mm SD.
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Figure 6.15. Damaged RC slab C25 after the test (1 kg NM charge at 300 mm standoff
distance): (a) front view; (b) top view; (c) bottom of the slab; and (d) major throughthickness cracking at the centre
It can be observed from Figure 6.15 that the one-way simply supported RC slab
failed in flexure with a plastic hinge and major through-thickness cracking on the tension
side at the mid-span of the slab. Concrete crushing can be observed in the middle of the
slab representing compression failure of the concrete in an approximately 50 mm wide
region on the top surface (blast side). Shear-tension failure crack can also be noticed on
the side of the slab as shown in Figure 6.15(d). In addition to the major through-thickness
crack in the middle, several hairline radial cracks on the bottom side (tension side) of the
slab were also observed as shown in Figure 6.15(c). These hairline cracks spread radially
outward from the central region of the slab and could be an indication of localised damage
of the central region of the slab closer to the explosive charge. The 10-mm longitudinal
reinforcing bars were plastically deformed but did not suffer fracture failure.
The mid-span deflection of the slab C25 measured using the laser displacement
sensor is shown in Figure 6.16. However, the peak dynamic displacement of the slab was
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not recorded in the test due to malfunctioning of the laser displacement device during the
initial stage of blast loading (green coloured portion of the curve). The laser sensor started
to function again and was able to capture the permanent displacement of the slab as 37
mm, which was further verified by manually measuring the permanent displacement of
the slab after the test.

Figure 6.16. Mid-span deflection-time curves of the slab C25 and Slab C25-1
RC slab C25-1 was tested at 600 mm standoff distance. Figure 6.17 shows views
of the damaged RC slab after the test. The slab C25-1 did not suffer as much structural
damage as the slab C25. The slab remained nearly intact after the test except for two
hairline cracks on the top and bottom surfaces of the slab (see Figure 6.17(d) for the crack
in the bottom surface). The mid-span deflection variation with time is shown in Figure
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6.16. The maximum dynamic centre displacement of the slab recorded by the laser
displacement device was around 9 mm. The C25-1 slab showed less than 1.0 mm of
permanent displacement.

Figure 6.17. Damaged RC slab C25-1 after the test (1 kg NM charge at 600 mm
Standoff distance): (a) front view; (b) top view; (c) bottom of the slab; and (b) hairline
crack in the middle of the slab
Figure 6.18(a) shows incident pressure vs time histories at a location of 2.47 m
away from the charge measured using the blast pressure transducer for both C25 and C251 tests. It can be observed that both profiles are very similar to each other indicating very
good repeatability of blast loading. The reflected pressure time histories at the centre of
the RC slabs C25 and C25-1 were estimated by back calculating the equivalent TNT mass
for 1 kg NM charge. Scaled distance corresponding to the peak incident overpressure of
150 kPa at 2.47 m was obtained from the empirical curves for shock wave parameters for
spherical TNT explosion in free air from the military manual (UFC 3-340-02, 2008b).
The scaled distance was 5.57 m/kg1/3, and the equivalent TNT charge mass for 1 kg of
NM was calculated as 1.4 kg TNT. The reflected pressure time histories at the centre of
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the RC slab at 300 mm and 600 mm standoff distance was calculated as shown in Figure
6.18(b). It can be observed that the RC slabs C25 and C25-1 were subjected to high
reflected pressures with very short positive phase durations. The impulse at the centre of
the RC slab C25 was estimated to be about 4180 Pa-s and that of C25-1 was about 1470
Pa-s.

Figure 6.18. (a) Experimentally measured incident pressure time histories at 2.47 m
away from the charge; and (b) estimated reflected pressure time histories at the centre
of the RC slab
6.3.2 RC slab with RHS-A panel (Test C25-AUX68-Al)
C25-AUX68-Al and C25-AUX54-Al-St tests were set up as presented in Figure
6.10 and Figure 6.11(b). The tests were carried out at a standoff distance of 175 mm from
the cover plate of the protective system (300 mm from the surface of the concrete slab).
The RHS-A sandwich panel, which had the re-entrant honeycomb unit cells with 68
degrees internal angles and a 3 mm aluminium cover plate, fully collapsed by the applied
blast loading while the concrete slab underneath the RHS-A system was shattered as
shown in Figure 6.19.
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Figure 6.19. Pre-test and post-test images of the test C25-AUX68-Al: (a) pre-test: front
view; (b) post-test: front view; and (c) post-test: damaged concrete slab
The RC slab suffered heavy structural failure and was arrested by the bottom steel
plate protecting the laser displacement device. The 10 mm longitudinal reinforcement
bars showed large plastic deformation. Nearly 48% of the full surface area of the slab was
damaged, and the concrete within this area was removed from the slab by the close-in
blast load. The vertical deformation of the reinforcement bars was manually measured
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with respect to the original level of the reinforcing bars as shown in Figure 6.20. Since
the concrete in the central region was removed, the maximum mid-span displacement of
117 mm was considered as the permanent displacement of the slab. The maximum
support rotation (θ) of the slab was around 16 degrees. Since the RC slab’s θ is greater
than 10 degrees, the RC slab’s response can be categorized as Blowout damage level
according to the Component Damage Levels described in PDC-TR 06-08 (2008). In
comparison, the concrete slab in the corresponding reference test experienced Heavy
damage level according to PDC-TR 06-08 (2008). These results indicated that the RHS
protective system amplified the structural damage of the RC slab rather than providing
the protection.

Figure 6.20. Permanent deformation of reinforcing bars inside the RC slab of C25AUX68-Al test (manually measured with respect to the original position of reinforcing
bars)
The laser displacement sensor and pressure sensor failed at the beginning of the
explosion and failed to record the panel’s deformations and pressures. Since the incident
pressure measurements recorded in tests C25 and C25-1 showed good repeatability, the
reflected pressure time history at the centre of the cover plate was estimated as shown in
Figure 6.21(a) using the empirical curves. Figure 6.21(b) shows the variation of applied
impulse from the centre to edge of the cover plate for C25-AUX68-Al test and concrete
panel for C25 test. It can be observed that the applied impulse at the centre on the C25157

AUX68-Al was more than twice that of the reference test C25. Since the standoff distance
for this test was 175 mm, the RHS-A panel was subjected to very high blast impulsive
loading which exceeded the capacity of the RHS system. As a result, a significant amount
of blast energy was transferred to the concrete slab by the collapsed and densified
protective panel. In this test, it was assumed that the explosive charge location was fixed
and did not change even when a protective system was installed. As a result, the explosive
charge was closer to the protective structure than to the RC slab. The results of the tests
are compared with the numerically obtained results when the charge is 300 mm away
from the cover plate, in Chapter 7, Section 7.3.4.

Figure 6.21. Comparison of pressure and impulse diagrams for C25-AUX68-Al test and
reference test C25: (a) reflected pressure time histories at the centre; and (b) variation
of impulse from the centre to edge
RHS-A panel completely densified as shown in Figure 6.19(b) due to the highintensity close-in blast loading. The central region of the panel deformed more than the
edges of the panel due to highly localised blast impulse. A circular-shaped deformation
pattern with a diameter of around 350 mm can be observed in the central region of the
RHS panel (see Figure 6.19(b)). Figure 6.22(a) shows a cross-sectional view through the
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middle of the RHS-A panel and the aluminium cover plate after the test. It can be seen
that the RHS-A panel fully densified and became nearly solid, which could further
support the hypothesis that if its energy absorbing capacity is exceeded, the RHS-A panel
may transfer a significant portion of the energy gained from the blast detonation to the
concrete slab. The thickness of the densified sandwich panel at the centre was around 25
mm as shown in Figure 6.22(a).

Figure 6.22. Deformed RHS-A panel after the test C25-AUX68-Al: (a) cross-sectional
view; and (b) top view of the 3 mm aluminium cover plate
The 3 mm aluminium cover plate experienced large plastic deformation as shown
in Figure 6.22. The cover plate formed a central circular dome with a diameter of 350 mm
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(see Figure 6.22(a)). The deformed profile of the RHS-A panel indicated that the cover
plate initially plastically deformed inward with the RHS panel and then it bulged up due
to a highly localised blast impulse applied at the centre of the plate and the light weight
of the aluminium cover plate. Interestingly, this effect was not observed in the
experiments of steel plates protected with RHS panels in Chapter 5. A series of warpages
forming a waveform can be observed in the bulging region which could be a result of the
highly localised compression on the unit cell faces of the core in the thickness direction
(three wall components - when four full unit cells are available, and four wall components
- when three full unit cells are available; see Figure 6.10(a)). The cover plate
symmetrically deformed with two symmetrical warpages in the middle in the plane
perpendicular to the axis of the unit cell faces of the core. Furthermore, several fracture
failure positions can also be noticed.
6.3.3 RC slab with RHS-B panel (Test C25-AUX54-Al-St)
Following the C25-AUX68-Al test, which showed significant damage to the
concrete slab, the C25-AUX54-Al-St test included an additional 4 mm thick steel cover
plate to increase energy absorption of the system. Similar to the previous test, the RHSB system completely densified, and the main structure (concrete slab) suffered heavy
damage as shown in Figure 6.23. The 10-mm reinforcing bars showed large plastic
rotations which indicated that the concrete slab experienced excessive flexural
deformation along the central yield lines associated with concrete crushing on the top
surface.
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Figure 6.23. Pre-test and post-test images of the test C25-AUX54-Al-St: (a) pre-test:
front view; (b) post-test: front view and back view; and (c) post-test: damaged RC slab
Moreover, the bottom of the slab (see Figure 6.23(c)) showed spalling failure near
the central region. Approximately 40% of the total surface area (calculated from the top
surface area) of the slab was damaged, and about 33% of concrete material had been
removed from the RC slab by the blast energy transferred through the collapsed RHS
system. Compared to the previous test C25-AUX68-Al, the damage to the main structure
(RC slab) was visibly lower which could be attributed to the 4 mm thick steel cover plate
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that provided an additional energy absorption capacity due to its plastic deformation and
prevented the localised failures of the aluminium cover plate and the auxetic core.
Since the concrete material in the central region of the RC slab had been removed,
the vertical deflection of the reinforcing bars was manually measured after the test and
considered as the RC slab’s deformation of test C25-AUX54-Al-St. Figure 6.24 shows
the deformed shape of the reinforcing bars with respect to the original position of the
reinforcing bars. It can be noticed that the peak mid-span deflection of reinforcing bars in
the test C25-AUX54-Al-St was around 140 mm which was a 23 mm increase of the
deflection compared to the RC slab’s deformation in test C25-AUX68-Al.

Figure 6.24. Permanent deformation of reinforcing bars inside the RC slab in test C25AUX54-Al-St (manually measured with respect to the original position)
The RC slab in the test C25-AUX68-Al experienced material crushing and
disintegration into small particles and the removed materials were arrested by the
stainless-steel plate underneath the concrete slab which also prevented the reinforcing
bars from further deformations. However, the reinforcing bars in test C25-AUX54-Al-St
reached its peak deformation because of less extensive concrete damage than in C25AUX68-Al test. The maximum support rotation (θ) of the RC slab in the test C25AUX54-Al-St was 19 degrees and can be categorised into Blowout damage level
according to the Component Damage Levels described in PDC-TR 06-08 (2008). The
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laser displacement sensor and the pressure sensor malfunctioned and did not record
experimental data in this test. Since the standoff distance (SD1) was similar to the test
C25-AUX68-Al, the applied blast loading to C25-AUX54-Al-St can be considered to be
the same as in the test C25-AUX68-Al.

Figure 6.25. Deformed RHS-B (AUX54-Al-St) system after the test (C25-AUX54-Al-St):
(a) front view of the RHS-B panel with cover plates; (b) cross-section of RHS-B panel
with aluminium cover plate; and (c) cross-section of RHS-B panel
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The front view of the RHS-B protective system after the test is shown in Figure
6.25(a) while Figure 6.25(b) and (c) show the cross-sectional views of the RHS-B panel
after the test. The 4-mm thick steel cover plate plastically deformed with around 320 mm
diameter dome in the central region. Similarly, the 3-mm thick aluminium cover plate
also plastically deformed with bulging in the central region but with a lower height
compared to the steel cover plate and aluminium cover plate in test C25-AUX68-Al. The
steel cover plate showed bending about both (X) and (Y) axes, thus the four corners of
the plate moved upward. The aluminium cover plate showed pre-dominant bending about
the (Y) axis indicating weaker bending and deformation resistance of the RHS core in XZ
plane than YZ plane.

Figure 6.26. Snapshots extracted from the Drone footage of the test C25-AUX68-Al
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Also, the aluminium cover plate showed small asymmetric warpages in the middle
of the YZ plane. The RHS-B panel showed symmetrical deformation under the applied
blast loading. All unit cells in the middle XZ plane (cross-section) were completely
deformed and solidified and the amount of densification degraded from the middle XZ
plane to outermost XZ plane. It can be also observed that the RHS core did not show any
sign of material movement towards the central region which indicates that the RHS core
did not exhibit negative Poisson’s ratio (NPR) behaviour in this test. Similar to the
previous test, the RHS core densified under the applied close-in blast loading and
transferred a significant amount of blast energy to the RC slab. The applied blast loading
exceeded the maximum capacity of the RHS-B system leading to heavy damage to the
main structure. Figure 6.26 shows the sequence of the 1kg NM charge detonation and the
response of the C25-AUX68-Al as taken from the Drone video footage.
6.3.4 RC slab protected using RHS-A panel with CFRP plate (C25-AUX68-CFRP)
Since the RHS panels were overloaded in the previous tests leading to significant
damage to the RC slabs (main structure), the remaining tests were performed with an
increased standoff distance to reduce the blast loading on the systems. To optimise the
aerial density of the protective system, the lightweight Carbon Fiber Reinforced Polymer
(CFRP) plate (density 1.6 g/cm3) was used as a cover plate. The test C25-AUX68-CFRP
in which the RHS-A panel was tested with a 3-mm thick CFRP plate as the cover plate,
was performed at a 600-mm standoff distance (SD) from the top surface of the slab (475
mm standoff distance from the CFRP plate), aiming to compare the results with the results
for the bare concrete slab tested at the 600-mm standoff distance.
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Figure 6.27. Comparison of pressure and impulse diagrams for tests performed at 475
mm standoff distance and reference test C25-1: (a) reflected pressure time histories at
the centre; and (b) variation of impulse from the centre to edge
Figure 6.27(a) shows the comparison of the reflected pressures for the 475-mm
and 600-mm standoff distances. Figure 6.27(b) compares the variation of the applied
impulse from the centre to the edge. It can be observed that the reflected pressures and
impulses on the structure are greater than those of the reference tests where the RC slabs
were tested at the 600-mm standoff distance. Figure 6.28(a) shows the front view of the
RC slab protected by the RHS-A panel with the CFRP cover plate before the test. Figure
6.28(b) to (f) show the post-test images of the RHS system and the RC slab. The CFRP
plate showed only a slight curvature in the middle portion of the plate indicating an elastic
response to the blast loading.
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Figure 6.28. Pre-test and post-test images of the test C25-AUX68-CFRP: (a) pre-test:
front view; (b) post-test: CFRP plate; (c) post-test: front view; (d) post-test: back view;
(e) post-test: top surface of the RC slab; and (f) post-test: bottom surface of the slab
Approximately 83% of the RHS-A panel’s core densified with a nearly uniform
thickness of 56 mm throughout the panel as shown in Figure 6.29, which could be
attributed to the more uniform blast load applied to the panel due to the increased standoff
distance. The percentage of RHS panel densification was estimated as a percentage of the
densified area of the core from the total voids area of the original RHS panel before the
tests. The areas were estimated using the image processing software. Most of the unit
cells of the core fully collapsed due to the blast loading (see Figure 6.29) but there was
no evidence of NPR behaviour.
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Figure 6.29. Front view of the RHS-A panel with CFRP plate after the test C25AUX68-CFRP

Figure 6.30. Deformed profile of the RC slab in the test C25-AUX68-CFRP
The RC slab underneath the RHS system showed moderate flexural damage with
a major through-thickness crack in the middle of the slab as shown in Figure 6.28(e) and
(f). The laser displacement device failed to record the displacement histories in this test,
however, the deformed profile of the RC slab was manually measured as shown in Figure
6.30. The permanent displacement at the mid-span was 10 mm. There were no visible
minor cracks on the bottom surface of the slab on both sides of the central crack. The
maximum support rotation of the RC slab was 1.4 degrees, and the RC slab’s response
can be categorised as Moderate Damage level. The main structure (RC slab) suffered
higher damage compared to the corresponding reference test where the slab did not
display noticeable permanent displacement.
6.3.5 RC slab protected using RHS-A panel with LDPE plate (C25-AUX68-LDPE)
Another candidate for a lightweight cover plate was a Low-Density Polyethylene
(LDPE) cover plate (density 0.91 g/cm3). The 9.6-mm thick LDPE sheet was used as the
cover plate of the RHS-A panel in this test. The test C25-AUX68-LDPE was carried out
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using 1 kg NM charge detonated at a standoff distance of 600 mm from the top surface
of the concrete slab (475 mm standoff distance from the LDPE cover plate). The LDPE
cover plate showed minor plastic deformation with small curvature in the middle portion.
No fracture failure was observed in the LDPE cover plate (see Figure 6.31b).

Figure 6.31. Pre-test and post-test images of the test C25-AUX68-LDPE: (a) pre-test:
front view; (b) post-test: LDPE plate; (c) post-test: front view; (d) post-test: back view;
(e) post-test- top surface of the RC slab; and (f) post-test: crack on the bottom of the
The RC slab underneath the RHS-A panel with the LDPE cover plate experienced
flexural failure with one large crack in the mid-span as shown in Figure 6.31(e) and (f).
Compression failure of concrete can be observed at the top surface of the slab directly
aligning with the crack on the bottom surface (see Figure 6.31(e)). However, the concrete
slab did not suffer the heavy damage as in the previous tests. The permanent displacement
at the centre was about 7.6 mm which is an increase of damage when compared to the
corresponding damage of the bare concrete slab produced by the detonation of a similar
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charge at the same distance from the concrete slab. However, there is a 24% reduction of
permanent displacement of the slab compared to the test with CFRP cover plate. This
could be attributed to the LDPE cover plate’s slight plastic deformation which could lead
to an increase of energy absorption compared with the energy absorption of the CFRP
plate where it did not show any plastic deformation. It can be further understood from the
stress-strain relationship of the LDPE (see Figure 6.6(b)) where it exhibits non-linear
behaviour with very large strains. Thus, LDPE can sustain large plastic deformations
without fracture and can absorb more energy. By comparison, the CFRP material can be
characterised by its very high modulus of elasticity with small elastic deformation and
because of that, can only absorb a low level of energy. Figure 6.32 shows the profile of
the deformed RC slab in the test C25-AUX68-LDPE. The maximum support rotation of
the RC slab in this test was 1 degree. Thus, the RC slab’s response can be categorised
into Moderate Damage level.

Figure 6.32. Deformed profile of the RC slab in the test C25-AUX68-LDPE
All the unit cells in the RHS core collapsed due to the blast loading, and the panel
showed a slight dip in the central region. The RHS-A panel with the LDPE cover plate
was cut in the middle plane to reveal the details of the RHS panel core after the test.
Figure 6.33 shows the central cross-sectional views. Most of the unit cells in the top layers
of the core (unit cells inside the orange colour rectangle in Figure 6.33(a)) collapsed
vertically under compression, while the unit cells in the bottom layers (unit cells inside
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the light blue ellipses in Figure 6.33(b)) showed a slight movement towards the central
region and collapsed in combined shear and compression.
The RHS-A panel’s densification was estimated as 88% with the CFRP plate
compared to the RHS-A panel’s densification during the test C25-AUX68-Al in which
the panel fully densified (100%) (densification percentage was estimated using the area
of the voids in the plane through the cross-section of the panel).

Figure 6.33. Cross-sectional views of the RHS-A panel in the test C25-AUX68-LDPE:
(a) RHS-A panel with LDPE plate; and (b) RHS-A panel without the LDPE plate
The sequence and response of the test C25-AUX68-LDPE extracted from the
Drone video footage are shown in Figure 6.34. The LDPE cover plate showed very large
bending (see Figure 6.34 stage 3), however, it returned to its original shape with a small
curvature in the central region without any fracture failure. The results of this test indicate
that the LDPE cover plate could be considered as an effective substitute for the heavier
steel or aluminium cover plates with its great advantage of reducing the aerial density of
the protective system, provided that the applied blast loading is not very localised and
intense. Since the test was carried out at 475 mm standoff distance from the cover plate,
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the loading on the protective system is uniform and less intensive. More experiments and
numerical studies will be required to determine its limits of effectiveness.

Figure 6.34. Snapshots extracted from the Drone footage of the test C25-AUX68-LDPE
6.3.6 RC slab protected using Polyurethane foam partially filled RHS-A panel with
aluminium cover plate (C25-AUX68F-Al)
The blast resistance capability of polyurethane foam-filled RHS-A panel with an
aluminium cover plate was evaluated in this test under the blast loading from a 1 kg NM
charge detonated at a standoff distance of 600 mm from the surface of the concrete slab
(475 mm standoff distance from the aluminium cover plate). RHS-A panel’s voids were
partially filled with soft polyurethane foam, which could delay the densification process
of the auxetic core and increase its energy absorption. The re-entrant unit cells in the
bottom central region and middle layer were very likely to be experienced heavy
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deformations and were selected to fill with polyurethane foam. Pre-test and post-test
images of the test are shown in Figure 6.35.

Figure 6.35. Pre-test and post-test images of the test C25-AUX68F-Al: (a) pre-test:
front view; (b) post-test: aluminium cover plate; (c) post-test: front view; (d) post-test:
back view; (e) post-test: top surface of the RC slab; and (f) post-test: crack on the
bottom of the slab
The foam-filled RHS-A panel showed a small dome-shaped deformation due to
the foam filling in the central region, and the aluminium cover plate plastically deformed
as shown in Figure 6.35(b), (c) and (d). The RC slab underneath the protective system
failed in flexure with a through-thickness crack at the mid-span of the slab as shown in
Figure 6.35(f). Concrete crushing due to compression can be observed on the top surface
of the slab (see Figure 6.35(e)). The damaged area due to compression on the top surface
was visibly greater than that of the test C25-AUX68-LDPE and visibly similar to the
concrete crushing damage in the test C25-AUX68-CFRP. Several hairline cracks were
also noticed on the bottom surface of the slab.
173

Figure 6.36. Mid-span displacement time histories for the RC slab in the test C25AUX68F-Al
The laser displacement sensor was able to capture the mid-span deflection of the
RC slab as shown in Figure 6.36. The peak dynamic displacement of the RC slab was 30
mm. However, the laser displacement device started malfunctioning after 49 ms from the
explosion but was able to capture the permanent deflection of the RC slab. The permanent
displacement of the slab was about 13 mm, which is greater than the permanent
displacements of the RC slabs in the test C25-AUX68-CFRP and C25-AUX68-LDPE.
The assumptions that the auxetic core void filling with soft foam could be beneficial in
terms of the energy absorption and delaying the densification of the core were not
supported by the results of this test. Moreover, the foam-filled protective system increased
the damage to the concrete slab compared to the reference test where the bare concrete
slab was tested at similar blast loading. The profile of the damaged RC slab in this test is
shown in Figure 6.37. The maximum support rotation calculated from the permanent
displacement was around 1.9 degrees. Thus, the RC slab’s response can be categorised
into the Moderate Damage level.
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Figure 6.37. Deformed profile of the damaged RC slab in the test C25-AUX68F-Al
A close-up view of the deformed foam-filled sandwich panel with the aluminium
cover plate after the test is shown in Figure 6.38(a). It can be observed that the unit cells
without filler material showed 80-90 % densification from the original size of the unit
cell while the unit cells filled with foam showed around 66 % densification. No evidence
of the NPR effect was observed from the side view and the cross-section of the sandwich
panel as shown in Figure 6.38(b).
The unit cells filled foam in the RHS-A panel showed different collapsing
mechanism than that of the empty unit cells. The foam-filled unit cells in the central
region (see the enlarged view of the central region in Figure 6.38(b)) displayed similar
deformation patterns, and the average height of the deformed unit cells was around 16
mm. It can be observed that there were small voids (without foam) between the deformed
foam-filled unit cells in the cross-section of the deformed panel (see Figure 6.38(b)), but
there were no gaps or unfilled unit cells observed in that region from the front view of the
panel after the test (see Figure 6.38(a)). Furthermore, there were no unfilled unit cells
within the central region of the panel before the test as shown in Figure 6.35(a).
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Figure 6.38. Deformed foam-filled RHS-A panel in the test C25-AUX68F-Al: (a) front
view of the foam-filled RHS-A panel with cover plate; and (b) cross-sectional view of
the foam-filled RHS-A panel
Since the re-entrant unit cell was formed by bonding the two re-entrant shaped
folded aluminium sheets, those bonded surfaces have been separated to form the voids as
observed in the cross-sectional view (see Figure 6.38). Unlike the previous tests, the RHSA panel showed dome-shape deformed shape with about 57 mm thickness at the centre
and 40-42 mm thickness at the edges of the panel. The percentage of densification of the
foam-filled RHS-A panel compared to the original area was approximately 77 %
(calculated from the area of voids in the cross-section). Since the RC slab suffered higher
damage than the reference test and the test with the unfilled RHS-A panel with LDPE
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cover plate, it can be concluded that the effectiveness of the RHS panel decreased by
filling the voids due to the reduction in plastic deformation of the core.
6.4 SUMMARY OF EXPERIMENTAL RESULTS AND CONCLUSIONS

Table 6.4 shows a summary of the responses of the RC slabs (main structure) in
the reference tests and the RHS protective systems. It can be observed that the RHS
protective system amplified the damage to the RC slab (existing main structure) for all
the cases when compared with the corresponding reference tests. The RHS panels in tests
C25-AUX68-Al and C25-AUX54-Al were completely densified, transferring a
significant amount of blast energy to the RC slabs underneath resulting in heavy damage.
The tests were performed with three different cover plates namely aluminium, CFRP
plates and LDPE plate. The results indicated that the CFRP and LDPE plates are suitable
for use as the cover plate for RHS panels in terms of uniform load distribution over the
RHS panel and avoiding localised failure of the RHS core. However, this conclusion is
only valid for the applied blast loading in this study and there could be limits on the
standoff distance and charge mass where the CFRP and LDPE cover plates would be
effective.
Table 6.4. Summary of the RC slabs responses in the experiments

Test number and
details

Permanent
displacement
of the RC
panel

Test 1
Concrete panel:
C25
Protection: No
Charge: 1 kg NM
at 300 mm

View of the RC slab after
the test

Overall
performance

Reference test for test 1 and test 2

37 mm

-
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Test 2
Concrete panel:
C25
Protection:
AUX68-Al
Charge: 1 kg NM
at 300 mm*
Test 3
Concrete panel:
C25
Protection:
AUX54-Al
Charge: 1 kg NM
at 300 mm*
Test 4
Concrete panel:
C25
Protection: No
Charge: 1 kg NM
at 600 mm
Test 5
Concrete panel:
C25
Protection:
AUX68-CFRP
Charge: 1 kg NM
at 600 mm*
Test 6
Concrete panel:
C25
Protection:
AUX68-LDPE
Charge: 1 kg NM
at 600 mm*
Test 7
Concrete panel:
C25
Protection:
AUX68F-Al
Charge: 1 kg NM
at 600 mm*

Fully damaged

Damage
amplified

Fully damaged

Damage
amplified

Reference test for test 5, test 6 and test 7

0.0 – 1.0 mm

-

10 mm

Damage
amplified

7 mm

Damage
amplified

13 mm (30 mm
peak dynamic
displacement)

Damage
amplified

*Standoff distance was measured from the top surface of the RC slab
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However, the LDPE and CFRP plates did not show plastic deformation after the
tests, which could lead to reducing the energy absorption of the protective system.
Therefore, if the protective systems are subjected to blast loading that provides energy
greater than the energy absorption capacity of the RHS core, the excess energy that could
not be absorbed could transfer to the main structure, leading to significant damage as was
observed in the experiments. Since the experiments in this study were performed keeping
the charge mass at the same standoff distance from the RC slab for the reference tests and
the tests with RHS systems, the RC slabs with RHS systems were subjected to a blast
loadings greater than in the reference tests. Thus, the RC slabs with protective auxetic
systems experienced greater damage than the reference RC slab tests because the blast
energy was greater than the RHS systems’ capacity. In the case with the aluminium cover
plate, the aluminium cover plate showed significant plastic deformation in the
experiments, but it did not absorb a sufficient portion of the applied blast energy to protect
the main structure.
The energy absorption characteristics of the RHS protective system under closein blast loads will be explained in detail in the next chapter using numerical simulations.
The experimental results of this study have demonstrated that the RHS panel designs have
limits where they may be effective or ineffective and even could amplify the damage if
not used within those effective limits. Therefore, the limits of the current RHS design are
investigated and presented in the next chapter.
Even though the experiments in this study were pre-planned using preliminary
numerical simulations using LS-DYNA software, it was found that the experimental
behaviour and response were significantly different from the preliminary numerical
results. It was later found that the reason for this difference was due to errors in the applied
blast loading and material properties used, which required calibration. The preliminary
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simulations were performed using 1 kg of TNT charge assuming the TNT equivalency of
NM as 1, as suggested in few references. However, it was found that the TNT equivalent
of NM charge used in experiments is 1.4. The concrete compressive strength value used
for simulations was 30 MPa expecting a slight increase of compressive strength of
concrete at 28 days from the designed value of 25 MPa Grade concrete. However, the
compressive strength of the concrete slabs at the time of testing was around 23 MPa.
Thus, the experimental results in this research further emphasize the need of performing
large-scale experiments to understand the behaviour and the response of auxetic sandwich
structures under close-in blast loadings, and the calibration of numerical models in this
research area.
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CHAPTER 7 CLOSE-IN BLAST PROTECTION OF CONCRETE
STRUCTURES USING RE-ENTRANT HONEYCOMB SANDWICH
PANELS: NUMERICAL SIMULATIONS
7.1 OVERVIEW
As explained in the previous chapter, the occurrence of a fireball engulfing the
specimens during close-range explosive tests prevented the ability to observe and video
record the response of both the RHS systems and the concrete slabs in the experiments
described in Chapter 6. Furthermore, there are other factors such as the cost associated
with undertaking field explosive trials and the limited availability of trial sites, that limit
the opportunities for testing multiple specimens and varying multiple parameters. In this
context, high-fidelity physics-based finite element (FE) numerical models play an
important role in understanding complex blast-structure interaction phenomena; provided
that these models are properly calibrated and validated through high-quality experiments.
In this chapter, high-fidelity numerical models were developed for the concrete
slabs with and without the RHS protective systems using the LS-DYNA finite element
code and were calibrated and validated using the experimental results presented in
Chapter 6. A new technique, called FE method-coupled to-SPH, in the LS-DYNA code
which can convert solid elements to SPH elements after a pre-defined criterion is
satisfied, was utilised in some of the numerical simulations to simulate the concrete
failure. The validated FE models were then used to study and develop performance ranges
for the RHS protective systems. As is concluded in Chapter 6, the RHS panel with lightweight cover plates is ineffective to improve the damage levels of the RC slabs (main
structures) under close-range detonations. The possible reasons for the ineffectiveness
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and how to improve the effectiveness of RHS protective systems are discussed in this
Chapter.
7.2 NUMERICAL MODEL DEVELOPMENT
7.2.1 Development of model geometry, boundary conditions and contacts
Similar to the numerical models developed for the steel plates with RHS systems
in Chapter 5, a one-quarter of the concrete slab and protective system was modelled (see
Figure 7.1) to reduce required computational resources. Triangular prism-shaped supports
and flat steel plates were modelled using eight-node solid elements and considered as
rigid bodies.

Figure 7.1. LS-DYNA models: (a) FE model for bare concrete slab; and (b) FE model
for concrete slab with RHS system
The reinforcement bars inside the concrete were modelled using 1D beam
elements with 2 mm element length while eight-node solid elements with constant stress
element formulation in combination with hourglass control were used to model the
concrete slab. A 5-mm mesh size, which predicted the bare concrete slab results with
reasonable accuracy compared to the experimental results, was used for the concrete slab
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after performing a mesh sensitivity study (see Figure 7.2). Bare RC slab was modelled
under the blast loading of 1 kg NM charge at 300 mm standoff distance using mesh sizes
between 12.5 mm and 3 mm, and the mid-span displacement histories were compared
with experiment results. It can be observed that the RC slab’s response is highly
dependent on mesh size, and reasonable predictions can only be achieved by using 5 mm
mesh size. The sandwich panel core, face sheets and cover plate were modelled using
shell elements and contact algorithms defined in a similar way to the models developed
for blast tests for steel plates with protective systems in Chapter 5, and are not described
in this chapter for the sake of brevity.

Figure 7.2. Comparison of the numerically predicted mid-span displacement of the bare
RC slab for different mesh sizes
The contact between the RHS system’s bottom face sheet and the concrete slab
was accounted for using *AUTOMATIC_SURFACE_TO_SURFACE keyword card and
the same contact algorithm was used to define the contact between concrete slab, flat plate
and the triangular prism. The bottom of the triangular prism was fully fixed and
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symmetric boundary constraints were imposed for the symmetry planes as shown in
Figure 7.1.
7.2.2 Blast load modelling
Close-in blast loading generated due to the detonation of a 1 kg spherical
nitromethane

(NM)

charge

was

modelled

by

using

the

keyword

*LOAD_BLAST_ENHANCED, which is an air-blast function for the application of
pressure loads on the pre-defined facets due to the detonation of conventional explosives.
This feature was developed based on a report by Randers-Pehrson and Bannister (1997).
Computation of blast pressures in this feature relies on the empirical equations underlying
the spherical air-blast which are valid within the range of scaled distances (Z) between
0.147 m/kg1/3 and 40 m/kg1/3. The scaled distance (𝑍𝑍) can be calculated as Z = R / M1/3,
where R is the distance between charge centre and the target face and M is the TNT
equivalent mass of the charge.
Even though the BIIM method was used for the numerical models for steel plates
with RHS systems under close-in blast loads in the previous chapter, the attempts to use
the BIIM method for the simulations of concrete structures in this chapter were not
successful. It was found that the BIIM method of predicting the blast impulse of a closein detonating charge was not suitable for a model with solid elements. Therefore, it was
decided to use the built-in blast load function in LS-DYNA using the keyword
*LOAD_BLAST_ENHANCED which requires the TNT equivalent charge mass.
The TNT equivalency for NM was not well defined and could vary with the NM
material properties used for the experiments. The scaled distance corresponding to the
peak incident overpressure which was measured during the experiments at 2.47 m away
from the charge was obtained from the empirical curves for shock wave parameters for
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spherical TNT explosion in free air from the reference (2008b). The incident overpressure
time histories measured at 2.47 m showed good repeatability and a peak incident
overpressure of around 150 kPa (see Figure 7.3). The corresponding scaled distance was
5.57 m/kg1/3 and the equivalent TNT mass for the 1 kg of NM was calculated as 1.4 kg
TNT NEQ.

Figure 7.3. Comparison of experimental incident blast waveforms (1 kg NM) at a
location of 2.47 m away from the charge centre with numerical blast waveform
predicted using LS-DYNA load blast enhanced feature with 1.4 kg TNT
To further validate the blast load calculations using an air-blast function in LSDYNA, the overpressure time histories were extracted from a numerical model with the
1.4 kg TNT charge at a standoff distance of 2.47 m, where the blast overpressures were
measured using the Endevco 8530C pressure transducer. The pressure measurements at
this location were captured for the tests C25-1, C25-AUX68-CFRP, C25-AUX54-Al-St,
and C25-AUX68-LDPE. The overpressure time histories for these tests were compared
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with each other, and it was found that the overpressure time histories had very high
repeatability. In Figure 7.3, the incident blast waveform at 2.47 m from the charge
predicted by the LS-DYNA air-blast function for a 1.4 kg TNT charge is compared with
the experimentally obtained incident blast waveforms for the tests C25-1 and C25AUX68-CFRP. It can be seen that the LS-DYNA air-blast function for a 1.4 kg TNT
charge gave a reasonably close prediction of the positive phase of the blast load produced
by the 1 kg NM charges in the experimental study.
Furthermore, the TNT equivalency of NM charge was further supported by the
mid-span displacement data for the bare RC slabs under 300 mm and 600 mm standoff
distances. The experimental results for the bare concrete slab tests at the standoff
distances of 300 mm and 600 mm were compared with the numerical predictions by the
spherical TNT charge of 1.4 kg, and it was found that 1.4 kg TNT charge was able to
predict the responses of the concrete slabs very close to the experiments (the comparison
of numerically predicted mid-span deflections with experimental results are presented in
section 7.3.1).
7.2.3 Material models and parameters
The 0.6 mm thick aluminium alloy Grade AA5005-H34 sheets were used to
fabricate the RHS core and face sheets. The same aluminium sheets were used to fabricate
the RHS panels for the experiments on the steel plates protected by the RHS panels in
Chapter

5.

The

aluminium

constitutive

behaviour

was

modelled

using

*MAT_PIECEWISE_LINEAR_PLASTICITY (*MAT_024) material model. Material
properties and material model parameters used for the numerical simulations were the
same as the for previous simulations for steel plates with RHS systems in Chapter 5 and
are not described here (mechanical testing details and results of aluminium alloy Grade
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AA5005-H34 are presented in Chapter 4 Section 4.5 and material model parameters are
presented in Table 5.2 in Chapter 5).
In this study, the material behaviour of Grade N25 concrete was modelled using
the concrete constitutive model *MAT_CONCRETE_DAMAGE_REL3 (K&C Concrete
Model or *MAT_072R3). The K&C Concrete Model is a three-invariant constitutive
model with the capability of accounting for damage and strain rate effects and is widely
used for simulations of concrete structures under blast and impact loads. The model uses
three independent failure surfaces, namely maximum, yield and residual failure surfaces.
This model decouples the volumetric and deviatoric responses, and the volumetric
behaviour is governed by using an Equation of State (EOS) that describes the compressive
behaviour of the material. The full derivation of the constitutive material model can be
found elsewhere (Magallanes et al., 2010; Markovich et al., 2011; Wu et al., 2014). The
K&C Concrete Model requires a total of 49 parameters to fully define the material model
for concrete. However, it also provides automatic parameter generation capability using
the uniaxial compressive strength of concrete, which is a great improvement when the
material model users do not have sufficient data to define the model parameters.
Moreover, the automatically generated parameters can be modified by users to obtain
reasonable concrete behaviour for a given concrete grade.
Since the concrete uniaxial compressive strength and tensile strength of the
concrete are the only available parameters for the concrete used in this study, the K&C
Concrete Model was used with automatic parameter generation. There are several options
to account for the strain rate effects of concrete in this material model. The most widely
used options are to use the built-in function to account for strain rate effects based on the
equation provided in Wu et al. (2014) and to include strain rate effects externally by
defining Dynamic Increase Factors (DIF) vs strain rate curve obtained from the DIF
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relations for concrete material, such as the Committee Euro-International du Beton (CEB)
concrete material DIF relation (Hao and Hao, 2014). Numerical simulations were
performed with both options. However, the built-in function for strain rate effects was
found to be appropriate for the simulations in this study. The input parameters for the
K&C Concrete Model for the concrete slabs in this study are tabulated in Table 7.1.
Table 7.1. Input deck of the material models for numerical models
Material and
Material
model
Concrete /
K&C Concrete
Model
Rigid bodies /
*MAT_RIGID

Reinforcement
bars (10 mm) /
*MAT_024

Reinforcement
bars (8 mm) /
*MAT_024

CFRP plate /
*MAT_003

Material model input parameters (unit system: ton, mm, sec)

RO

A0

RSIZE

2.340×10-9

-23.5

39.37×10-3 145

RO

E

PR

7.85×10-9

200×103

0.33

RO

E

UCF

LCRATE
-1

PR

SIGY

C

P

LCSS

7.850×10-9 1.789×105

0.3

331

3200 5

Figure
6.2

RO

PR

SIGY

C

P

LCSS

7.850×10-9 1.683×105

0.3

320

3200 5

Figure
6.3

RO

PR

SIGY

C

P

FS

-

3133.4

-

-

0.0163

E

E

1.600×10-9 1.916×105

RO – Mass density; E – Elastic modulus; PR – Poisson’s ratio; SIGY – Yield stress;
C and P – Strain rate parameters; LCSS – Effective stress vs plastic strain curve; FS –
Failure strain

A0 is the maximum shear failure surface parameter. It can also be used to input
the negative value of unconfined compressive strength of concrete for automatic
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parameters generation. RSIZE and UCF are the unit conversion parameters and LCRATE
is to define the strain rate effects. *MAT_RIGID material model was used to model the
flat plate and triangular prism and their input parameters can be found in Table 7.1.
The material behaviour of steel reinforcing bars was modelled using
*MAT_PIECEWISE_LINEAR_PLASTICITY constitutive model in which the stressstrain relationship of the material can be inputted. The mechanical properties of the 10
mm and 8 mm steel bars were defined separately as shown in Table 7.1 using the
experimental data described in Chapter 6, Section 6.2.1. The material behaviour of CFRP
was modelled using *MAT_PLASTIC_KINEMATIC (*MAT_003) material model in
which a bi-linear elastic-plastic stress-strain relationship can be modelled with two types
of hardening formulations. The material parameters for the CFRP were obtained from Ref
(Wang et al., 2011) and listed in Table 7.1.
7.2.4 Implementation of concrete damage using a coupled FE method-SPH
technique
Since the concrete slabs in the tests C25-AUX68-Al and C25-AUX54-Al-St
suffered heavy damage with extensive spalling as described in Chapter 6, Section 6.3,
modelling of the concrete spalling and crushing damage in the numerical simulations of
those two tests is important and essential. Moreover, it was observed from the high-speed
video recordings that a cloud of concrete particles, which disintegrated from the concrete
due to the concrete crushing, was rising from the concrete slabs in those tests. Multiple
attempts to simulate those failures using only erosion of elements were not successful. A
new technique, which has the capability to couple Finite Element (FE) Method with
Smoothed Particle Hydrodynamics (SPH) particles, in combination with element erosion,
was implemented in this study. In this new technique, solid elements of the concrete slab,
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when reaching a specific failure level, are transformed into SPH particles that contain the
same characteristics as the original elements while preserving the energy of the numerical
model. This technique is highly suitable for numerical models that have high distortions
(Kala and Hušek, 2016; Mardalizad et al., 2017).
To

implement

this

technique

to

the

FE

model,

a

keyword

card

*DEFINE_ADAPTIVE_SOLID_TO_SPH was defined by linking the solid elements of
the concrete slab in the model. Two of its parameters, namely ICPL and IOPT, were set
to unity, and NQ was set to 2 where one solid element adapts to eight SPH particles in
the simulation. Since the K&C Concrete Model does not have an option to implement
material erosion, an external erosion criterion using keyword *MAT_ADD_EROSION
was defined. In the erosion model, among the available material failure criteria, maximum
principal strain (MXEPS) failure criterion was selected in this study to get the material
erosion. The maximum principal strain (MXEPS) of 0.1 was found to produce the closest
predictions to the experiments and was used here. Symmetry boundary conditions on the
symmetry planes were applied by defining virtual symmetry planes using keyword
*BOUNDARY_SPH_SYMMETRY_PLANE. The element erosion and SPH particle
feature were only used for the simulations with large deformations and severe concrete
damage.
7.3 NUMERICAL MODEL VALIDATION AND COMPARISON WITH
EXPERIMENTAL RESULTS
In this section, the results of numerical simulations were compared with the
experimental results in terms of the mid-span displacements of the concrete slab, concrete
damage and the RHS system deformations, thereby the developed numerical models were
validated to be used for parametric studies.
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7.3.1 Numerical predictions for the bare concrete slabs
In this section, the numerical model predictions for the bare concrete slabs under
the blast loading of 1 kg NM charge at the standoff distances of 300 mm and 600 mm are
compared with the experimental results. In the test C25, the numerical model predicted
mid-span displacement time histories that agreed closely with the experimental data as
shown in Figure 7.4. The experimental permanent displacement of the slab was about 37
mm and that for the numerical model was about 34 mm. The laser displacement sensor
malfunctioned during the slab’s response for about 215 ms starting from 6 ms, and then
it started to function again and was able to record the rest of the displacement history.

Figure 7.4. Comparison of experimental and numerical mid-span displacement
histories of the bare concrete slab in test C25 (blast loading - 1 kg of NM charge at a
300 mm standoff distance)
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Scaled damage measure (δ) is a representation used to show the damage level of
the concrete, modelled using K&C material model in LS-DYNA. Its value ranges from 0
to 2 in which a range from 0 to 1 represents the concrete transition from the yield failure
surface to the maximum failure surface, and a range from 1 to 2 represents the transition
from the maximum failure surface to the residual failure surface. Figure 7.5 shows the
scaled damage measure contours of the concrete slab at the maximum dynamic
displacement (Figure 7.5(a)) and the comparison of the experimental and numerical
deformation of the RC slab at the final stages of the response (Figure 7.5(b)). It can be
seen from Figure 7.5 that a significant area from the central portion of the slab reached
residual failure denoting complete collapse. However, the damage contours do not well
describe the cracks and concrete crushing that was observed on the bottom and top
surfaces of the RC slab in the experiment. Several hairline radial cracks in addition to the
major through-thickness crack can be observed on the bottom surface (see Figure 6.15(c))
where the concrete damage is predicted in the numerical model. The concrete crushing
damage on the top of the central region is overpredicted by the numerical model. The
final deformed profiles in experimental and numerical model matched well.

Figure 7.5. Numerically predicted RC slab’s deformation and damage in test C25: (a)
deformation of the RC slab at maximum deflection; and (b) comparison of the final
deformation: experimental and numerical
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Numerically predicted mid-span displacement history of the bare concrete slab
subjected to a detonation of 1 kg NM at a standoff distance of 600 mm is compared with
the experimental mid-span displacement history in Figure 7.6. It can be observed that the
numerical model-predicted RC slab mid-span deflections agreed reasonably well with the
experimental deflection histories. However, the numerical model overpredicted the peak
dynamic displacement (11.8 mm) compared to the experimental displacement which was
around 8.5 mm. The RC slab in the test C25-1 did not show any visible permanent
deflection after being subjected to the blast loading, and it was accurately predicted by
the numerical model (0 mm permanent displacement, not shown in Figure 7.6).

Figure 7.6. Comparison of experimental and numerical mid-span deflection histories of
the RC slab in test C25-1 (blast loading - 1 kg of NM charge at a 300 mm standoff
distance)
The numerically predicted damage on the RC slab at the peak dynamic
displacement and the comparison of experimental and numerical deformations of the RC
slab at the end of the test are shown in Figure 7.7. Damage to the concrete slab as indicated
by the scaled damage contours was minor, in particular, the top centre region of the
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concrete slab did not reach the residual failure limit, which agreed well with an
experiment where concrete crushing failure was not observed in this test. However, the
numerical model overpredicted the damage on the bottom (non-blast side) of the slab in
which only two hairline cracks were observed in the experiment (see Figure 6.17). The
RC slab remained intact after the test without noticeable damage.

Figure 7.7. Numerically predicted RC slab’s deformation and damage in the test C251: (a) deformation of the RC slab at maximum deflection; and (b) comparison of the
final deformation: experimental and numerical
7.3.2 Numerical simulation results for C25-AUX68-Al and C25-AUX54-Al-St tests
In this section, the numerical model results for the concrete slabs with RHS-A and
RHS-B protective systems are compared with the experimental results. The concrete slabs
in tests C25-AUX68-Al and C25-AUX54-Al-St collapsed as presented in Chapter 6,
section 6.3. To model the structural collapse of the concrete slab, the FE method to SPH
coupling technique (Kala and Hušek, 2016; LS-DYNA, 2017; Mardalizad et al., 2017) in
LS-DYNA combined with the element erosion technique was used in the numerical
simulations. The results were validated qualitatively by comparing the damage
mechanisms of the concrete slab and the sandwich panels observed in the experiments
with the damage predicted using the numerical model.
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Figure 7.8 shows the predicted deformed shapes for the RC slab protected by the
RHS-A panel with the aluminium cover plate under the blast loading from 1 kg NM at an
SD of 175 mm (C25-AUX68-Al). Scaled damage measure contours are also shown in the
same figure for the RC slab protected by the RHS-A system. It can be observed that a
large number of the SPH concrete particles have been activated in the model by replacing
the eroded solid elements in the central region of the RC slab, this simulates severe
concrete failure and disintegration into multiple particles. The 10 mm reinforcing bars
showed large flexural plastic deformation similar to the experiments. Even though the
numerically predicted local concrete damage is still not the same as the damage observed
in the experiments, the overall severe structural damage and disintegration of concrete
have been captured by the model reasonably well, thus proving that the numerical model
can be used for further studies of the RHS protected concrete structures.

Figure 7.8. Numerical model results of the RC slab with RHS-A panel (C25-AUX68-Al)
under blast loading from 1 kg NM at an SD of 175 mm from the cover plate
An isometric view of the deformed RHS-A protective system and the comparison
of numerically predicted cross-sectional profiles of the RHS-A system with the
195

experimental profile are shown in Figure 7.9. The circular dome-shaped deformation of
the cover plate was accurately predicted by the numerical model as shown in Figure 7.9.
The dome-shaped deformation was about 344 mm in diameter which is very close to the
experimental value of 350 mm. Moreover, the wave-shaped warpages in the central
region of the cover plate were also predicted by the model. It can be observed that the
edges of the cover plate also deformed outward in the experiment, but no outward
deformation of the edges was captured by the numerical model. This behaviour can be
attributed to the fact that in the experiment the foam blocks were placed on both sides of
the RHS protective system which was not considered and modelled in the numerical
simulations.

Figure 7.9. Deformed protective system in test C25-AUX68-Al: (a) the isometric view of
the RHS-A panel; and (b) comparison of numerical and experimental cross-sectional
profiles of the RHS-A panel
The central region of the cover plate moved inward with a high velocity of about
475 m/s at the initial stage of close-in blast loading. The velocity of the cover plate
reduced to about 210 m/s just before the RHS core became fully densified. Then the
central region of the cover plate started to move outward with a velocity of around 55 m/s
as shown in Figure 7.10. Since the inward velocity of the central region of the cover plate
is significantly higher than that of the outer edges, the central region acquired high
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outward velocity after impacting the RHS core causing outward bulging on the central
region while the outer central region was still moving in the inward direction (see Figure
7.10). The cover plate showed plastic deformation in the inward movement within the
small central region. However, it expanded with the inward movement of the cover plate
and the drastic increase of plastic deformation can be observed for the outward
movement.

Figure 7.10. Variation of the cover plate velocity in the Z-direction with time: 1- the
initial stage of detonation, 2- just before the full densification, 3- during the full
densification, and 4- after full densification
The dome-shaped bulging behaviour of the 3-mm aluminium cover plate can be
observed only for close-range detonations in which the blast loading should cause full
core densification of the RHS panel with the 3 mm aluminium cover plate (central region
or full panel depending on the intensity of the blast loading). There is no relationship with
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scaled distance to define the close-in blast loading regime that would cause this domeshape bulging. But a Charge Weight-Standoff (CW-S) plot that identifies combinations
of charge weights and standoff distances that cause dome-shaped bulging on the 3-mm
thick aluminium cover plate is presented in Figure 7.11.

Figure 7.11. Charge weight-standoff (CW-S) plot for the RHS-A sandwich panel with 3
mm aluminium plate for dome-bulging on the cover plate

Figure 7.12. RHS panel densification sequence with time under the blast loading of 1
kg NM charge at a standoff distance of 175 mm
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The RHS-A core showed complete densification similar to the experiments.
Furthermore, there was no evidence of NPR behaviour, which could mainly be due to the
nearly instantaneous collapse of unit cell layers as a result of the short-duration highintensity blast loading (see Figure 7.12). It can be also noticed from Figure 7.12 that the
densification of the central region of the core occurred between 0.3 ms and 0.4 ms. Then
the cover plate collided with the RC slab at an average velocity around 210 m/s and started
to move outward direction developing the dome shape as explained earlier.
Figure 7.13 shows the variation of force transferred to the RC slab from the RHSA (AUX68-Al) protective system under the blast loading of 1 kg NM charge at a standoff
distance of 175 mm. It can be observed that the transferred force showed a sharp increase
between 0.3 ms and 0.4 ms where the central region of the RHS core fully densified. An
excessive amount of force was transferred to the RC slab in this stage and could be the
main reason for the significant damage observed in the experiments. These results
indicate that full densification of the RHS core should be avoided to obtain effective
protection from the RHS system for the main structure.

Figure 7.13. Force transferred to the RC slab from the AUX68-Al system in the test
C25-AUX68-Al and AUX54-Al-St in the test C25-AUX54-Al-St (blast loading of 1 kg of
NM charge at a standoff distance of 175mm)
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The numerical model for the RHS-B (AUX54) protective panel with a 3-mm thick
aluminium plate and 4-mm thick steel plate was also able to predict the overall damage
of the slab and the sandwich panel reasonably well as shown in Figure 7.14. However,
the specific collapse mechanism of the concrete slab looks different from the experiment.
It can be noticed in Figure 7.14(b) that the RC slab collapsed into 3 unequal rigid parts in
the experiment which could be attributed to the uneven transfer of the blast impulse by
the RHS-B protective panel. This behaviour would not be possible to replicate with the
numerical model due to the use of symmetry planes to optimise the computational time.

Figure 7.14. Numerical model results for the RC slab protected with RHS-B panel in
the test (C25-AUX54-Al-St): (a) comparison of numerical and experimental views of RC
slab with RHS system; and (b) comparison of RC slab’s damage with experimental
results
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The 4-mm cover steel plate used in this test provided an additional energy
absorption capacity and contributed to the reduction of damage to the RC slab. The RHSB panel completely densified (see Figure 7.15) with 31 mm permanent thickness in the
central region which is 10 mm lower than that in the experiment. The response of the
RHS-B system under the applied blast loading is similar to the RHS-A panel under the
same blast loading as described above. No NPR effect was observed during the unit cell
collapsing process similar to the previous test. This behaviour was also observed in the
RHS panel tests with the steel plates as the main structure under close-in blast loads in
Chapter 5. It can be deduced that the RHS protective panels with lightweight cover plates
are not able to exhibit the NPR auxetic behaviour when subjected to the very short
duration high-magnitude impulsive loads in the close-in blast scenarios.

Figure 7.15. Deformed protective system in test C25-AUX54-Al-St: (a) the isometric
view of the RHS-B panel; and (b) Comparison of numerical and experimental crosssectional profiles of the RHS-B panel
The 4 mm thick steel cover plate and 3 mm aluminium plate acquired a maximum
velocity of about 195 m/s in the central region (inward direction) which is around 58%
lower than that of the cover plate in the test C25-AUX68-Al. This could be attributed to
the use of the steel plate in this test in addition to the aluminium plate. The velocities of
both plates were similar to each other. However, the velocity of the aluminium plate was
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slightly higher than the velocity of the steel plate. The central region of both cover plates
moved inward at a velocity of about 65 m/s just before the full densification of the central
region of the RHS core. The central region of the cover plates started to move in the
outward direction with a maximum velocity of about 30 m/s causing dome-shaped
deformation in the cover plates. It is interesting to note that full densification of the central
region of the RHS-B core took about 0.95 ms which is 0.57 ms longer than that of the
RHS-A panel with an aluminium cover plate. The reason for the increase of time for
densification could be attributed to the reduction of initial velocities with the use of a steel
cover plate.
The numerically predicted transferred force to the RC slab from the protective
system is shown in Figure 7.13 in comparison with the transferred force for the AUX68Al system. It can be seen that the force transferred from the RHS-B system is lower than
that of the RHS-A system under the same blast loading which can be attributed to the use
of the additional steel cover plate. However, the thickness of the steel cover plate was not
adequate to prevent the occurrence of full densification of the core under the applied blast
loading thereby to protect the RC slab from severe damage.
7.3.3 Numerical simulation results for C25-AUX68-CFRP test
In the C25-AUX68-CFRP test, the RC slab protected by the RHS-A panel with a
3-mm thick CFRP cover plate was tested using a detonation of a 1 kg NM spherical charge
at an SD of 475 mm (600 mm SD from the concrete surface). Since the RC slab did not
show extensive damage in the test, the FE method to SPH coupling method was not
implemented for the numerical simulations. Unlike the 3-mm aluminium cover plate, the
CFRP cover plate uniformly distributed the blast loading throughout the RHS-A panel
with a minor permanent deformation. Figure 7.16 compares the numerical and
202

experimental results for the RHS-A panel with the CFRP cover plate. A slight auxetic
material movement was observed in the initial stages of the core densification from the
numerical model (see Figure 7.17). The maximum NPR, calculated using the method
described in Chapter 5, was around -0.1. The final thickness of the auxetic protective
system predicted from the numerical model was 37 mm while it was about 46 mm in the
experiment.

Figure 7.16. Comparison of experimental and numerical results for the C25-AUX68CFRP test: (a) isometric view; and (b) front view of the deformed RHS-A panel with
CFRP plate

Figure 7.17. Deformation sequence of the RHS-A panel with CFRP cover plate in the
test C25-AUX68-CFRP
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The experimental mid-span displacement time histories of the RC slab under the
blast loading of 1 kg NM at an SD of 475 mm were not available to compare with the
numerical predictions for this test. However, the numerical model predicted mid-span
displacement history is shown in Figure 7.18. The maximum dynamic mid-span
displacement of the RC slab protected with RHS-A panel with CFRP plate is 12 mm. The
mid-span displacements of the RC slab protected with RHS-A panel with CFRP plate was
compared with the corresponding bare RC slab results (see Figure 7.18) and it can be
noticed that the protective system managed to reduce the mid-span peak displacement by
38%. The damage to the concrete slab was evaluated using the scaled damage measure.
Contours of the scaled damage measure of the RC slab at the time of reaching the
maximum dynamic displacement and at the final stage are shown in Figure 7.19. The
concrete crushing in compression observed on the top surface of the RC slab in the
experiment was captured by the numerical model but the area of damage was larger than
in the experiment.

Figure 7.18. Numerically predicted mid-span displacement of the RC slab protected
using RHS-A panel with CFRP plate under the blast loading of 1 kg NM at an SD of
475 mm (corresponding bare RC slab mid-span displacement history also shown)
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Figure 7.19. Contours of scaled damage measure of the RC slab protected with the
RHS-A panel with CFRP plate
Under the blast loading, the central region of the CFRP plate acquired a velocity
of about 180 m/s whilst the region outside the central region acquired a velocity of about
100 m/s. However, it was not adequate to induce large localised deformation and
densification of the central region as observed in the RHS-A panel with an aluminium
plate. This response could be attributed to the high strength and high stiffness of the CFRP
plate. The RHS-A panel densified with nearly constant thickness as shown in Figure
7.16(b).
The experimental results for the RHS-A panel with the Low-Density Polyethylene
(LDPE) cover plate and the polyurethane foam-filled RHS-A panel were not simulated in
this study for the sake of brevity and considering that the results for the other experiments
have provided sufficient validation and calibration of the developed numerical models.
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7.3.4 Performance evaluation of the RHS-A panel for blast loading at a standoff
distance of 300 mm
In this section, the performance and response of the RHS-A panel with 3-mm
aluminium cover plate (AUX68-Al) was evaluated under the blast loading of 1 kg NM
charge at a standoff distance of 300 mm. Thus, the results can be compared with the
experimental results for bare concrete slab test under the same blast loading. In section
7.3.2, the performance of the same protection system was evaluated for the 175 mm
standoff distance in which the explosive charge was located at the same position with and
without the protective system. However, in this section, the standoff distance to the
topmost structure was considered as the same for both situations.

Figure 7.20. RHS-A panel's response under the blast loading of 1 kg of NM at 300 mm
standoff distance
The RHS-A completely densified under the applied blast loading as shown in
Figure 7.20. The aluminium cover plate showed slight dome-shaped deformation, but the
magnitude of the dome-shaped deformation was however smaller than that in the test
C25-AUX68-Al. The velocities of the central region of the cover plate were around 85
m/s just before the full densification of the central region of the core. Thereafter the cover
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plate rebounded and moved in the outward direction with a maximum velocity of around
34 m/s. The time taken for full densification of the core and collision of the cover plate
with the RC slab was around 0.75 ms. The behaviour and response of the RHS system
were very similar to the RHS panel’s response at a 175-mm standoff distance.
The mid-span displacement of the RC slab is compared with the corresponding
reference test results in Figure 7.21. It can be seen that the RHS protective system
managed to reduce the mid-span peak dynamic displacement of the RC slab by 18%
compared to the bare RC slab under the same blast loading. However, the RHS-A panel
still experienced full densification under the applied blast loading and dome-shaped
bulging on the central region of the 3-mm aluminium cover plate indicated high impact
load transferred to the RC slab resulting in its reduced performance. In the next section,
the parametric study results are presented to address the question “how could the
performance of the RHS protective systems be improved to protect the RC slabs?”

Figure 7.21. Comparison of mid-span displacement histories with and without RHS-A
protection under the blast loading of 1 kg NM at 300 mm standoff distance
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7.4 PARAMETRIC STUDIES AND DESIGN RECOMMENDATIONS
7.4.1 Evaluation of RHS-A panel’s response by replicating a benchmark study on
auxetic sandwich panel
The world-first large-scale experimental investigation on the performance of reentrant honeycomb sandwich panels under close-in blast load, which was conducted by a
research team at the University of Wollongong in collaboration with researchers at the
Dalian University of Technology, can be considered as a benchmark study in this research
area (Qi et al., 2017). The researchers fabricated an RHS panel, which had re-entrant unit
cells with 58 degrees internal angles, from 0.5-mm aluminium sheets by manual folding
of the sheets. The RHS panel dimensions were 550 mm length, 500 mm width and 101
mm height, which is very similar to the sandwich panel sizes in this study. However, a
9.4-mm thick BISPLATE high-strength steel (HSS) plate was used as the cover plate for
the RHS panel. A cylindrical 250 g Composition B explosive charge was used with a 10
mm clear distance between the steel cover plate and the explosive charge to generate the
applied blast loading. The RHS protective system performed very well by absorbing the
majority of blast energy and thereby protected the RC slab.
The RHS panel used for the above study was replaced with a RHS-A (AUX68)
panel, which was used in this study with lightweight cover plates, to evaluate the
performance of the RHS-A system under the above-mentioned loading condition (250 g
Composition B explosive charge at 10 mm clear distance). The model was developed
similarly as described in section 7.2. The RC slab used for the above-mentioned study
had dimensions 600 mm × 600 mm and 100 mm thickness with the uniaxial compressive
strength of concrete of 40 MPa. Two layers of reinforcing meshes were used for the
tension and compression sides using 10 mm deformed reinforcing bars at a 100 mm
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spacing in both directions. The RC slab was simply supported on two 100 mm wide
timber planks with the centre to centre distance of 500 mm. More details of the
experimental setup can be found in Qi et al. (2017). As the main objective of this
replication is to evaluate the performance of the RHS-A panel under the similar setup and
compare the overall response with the benchmark study, the applied blast loading was
slightly altered from the benchmark study. Thus, the numerical simulations were carried
out using 350 g of TNT charge at a clear distance of 10 mm. The diameter of the spherical
charge containing 350 g of TNT was 37 mm, thus the distance between the steel plate and
the charge centre was 47 mm.
Figure 7.22 shows a comparison of RHS-A panel’s deformation pattern under the
applied blast loading with the deformation pattern of the RHS system used for the
benchmark study. It can be seen that the RHS-A panel deformation is similar to the
benchmark study and the cover plate showed large localised plastic deformation in the
centre. The material flow towards the central region of the panels can be observed from
the RHS-A panel. The RC slab underneath the RHS-A panel did not show any damage or
deflection under the applied blast loading which was considerably higher than the loading
applied in the experiments in this study.
The deformation sequence of the RHS-A panel and steel cover plate is shown in
Figure 7.23 using the cross-sectional profiles. It can be seen that 9.4-mm steel cover plate
exhibited large localised plastic deformation at the beginning of the detonation which
activated the auxetic behaviour of the RHS core. The material drew towards the central
region and resisted the movement of the steel cover plate. The cover plate stopped just
before the full core densification, and no sharp increase of the transferred force to the
protected RC slab is seen in this case (see Figure 7.24(a)).
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Figure 7.22. Comparison of final deformation patterns of the RHS-A panel with the
deformed shape of the RHS panel using in benchmark study: (a) RHS-A panel and (b)
RHS panel used in benchmark study (adapted from (Qi et al. 2017)

Figure 7.23. RHS-A panel’s deformation sequence with time under the blast loading of
350 g of TNT at 47 mm standoff distance (cross-sectional views)
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The improved performance of the RHS protective system under this loading
condition can be explained through the energy absorption characteristics of the
components of the RHS protective system. The main energy absorption mechanism of
the RHS protective system is the work done in plastic deformation of the RHS core, top
sheet and the cover plate and is referred to as internal energy, 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 . The cover plate of the

RHS protective system gains initial velocity from the blast impulse due to a detonation
of an explosive charge nearby to the cover plate. The initial velocity magnitude at
different points over the cover plate varies according to their location and standoff
distance. As a result of these initial velocities, the cover plate acquires initial kinetic
0
energy, 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
, and the cover plate starts to plastically deform along with the RHS panel.
0
Thus, the RHS protective system converts initial kinetic energy, 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
, gained by the cover

plate from the blast impulse, into kinetic energy, 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 , internal energy, 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 , and sliding

interface (contact) energy, 𝐸𝐸𝑠𝑠𝑠𝑠 , of the RHS system components. Additionally, work is

done by the applied forces and pressures and is referred to as external work, 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 . The

following equation (Eq. 7.1) should hold at all times for the RHS system:
0
𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 + 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐸𝐸𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒

Eq. 7.1

To explain energy absorption behaviour of the RHS protective system, the total
energy reported in the GLSTAT database of the LS-DYNA model is considered as the
sum of current kinetic energy, current internal energy and current sliding interface
(contact) energy and is equal to the sum of initial kinetic energy and external work.
Energy absorption characteristics of the RHS-A panel and the cover plate are
shown in Figure 7.24(b). The 9.4-mm steel cover plate absorbed 70% of the total energy
through the large localised plastic deformation in the central region while the RHS-A core
absorbed around 28% of the total energy through the densification of the core. Thus, the
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protective system absorbed 98% of the total energy acquired by the protective system
from the blast thereby protecting the main structure.

Figure 7.24. (a) Force transferred to the RC slab from the RHS-A panel; and (b) energy
absorption of the RHS-A system and its components under the blast loading of 350 g of
TNT at 47 mm standoff distance
Accordingly, the thick steel cover plate played an important role in the benchmark
study in which it absorbed the largest percentage of the total energy and also activated
the NPR behaviour of the core. However, the lightweight cover plates used in this study
did not absorb a sufficient amount of energy to prevent full densification of the core even
though they experienced large plastic deformations. The core of the RHS system fully
densified transferring a large impulsive load on to the main structure. Thus, the
performance of the RC slabs with RHS systems in this study can be improved by
optimising the cover plate thickness and thereby activating NPR behaviour of the RHS
core.
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7.4.2 Performance evaluation of RHS-A panel with 9.4 mm steel cover plate under
different blast loading conditions
In this section, the performance of the RHS-A panel with the 9.4-mm thick steel
cover plate is evaluated under different blast loading scenarios. The RHS-A protective
system was placed on the simply supported RC slab which was previously used for the
blast experiments. The objective of this study was to find the limits of the RHS protective
system’s effectiveness associated with 1) localised plastic deformation of the cover plate
and, 2) the blast load causing full densification of the auxetic core, by varying the
explosive charge mass and the standoff distance. The damage of the RC slab was assessed
using maximum support rotation (θ) which can be calculated from Eq. 7.2 using the peak
mid-span dynamic displacement of the RC slab, 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 , and RC slab’s span between

supports, 𝑙𝑙. The RC slab damage can be categorised into five damage levels based on the
value of θ, namely Superficial damage, Moderate damage, Heavy damage, Hazardous
failure and Blowout (PDC-TR 06-08, 2008).
2. 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝜃𝜃) = tan−1 �
�
𝑙𝑙

Eq. 7.2

The limiting value of the maximum support rotation for the moderate damage
level is 2 degrees. If the slab’s support rotation is greater than 2 degrees, the slab would
experience heavy damage. Thus, the combinations of charge mass and standoff distance
for which the RHS-A panel with a 9.4-mm cover plate can provide moderate or superficial
damage protection for the RC slab can be presented in terms of Charge Weight-Standoff
(CW-S) diagram and will be discussed in Section 7.4.3. The response of the RHS-A panel
with the 9.4-mm cover plate for selected blast loading scenarios will be discussed in the
next sections. From here onwards, the standoff distance for the case with RHS protective
system is referred to as the distance between the charge centre and the top surface of the
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cover plate while that of the bare RC slab is referred to as the distance between charge
centre and the top surface of the RC slab.
7.4.2.1 RHS-A panel with 9.4 mm HSS cover plate under 350 g of TNT and 47 mm
standoff distance (scaled distance 0.067 m/kg1/3)
The response of the RHS-A panel with a 9.4-mm cover plate under the blast
loading of 350 g TNT at 47 mm standoff is presented in this section. The overall response
and appearance of the RHS-A panel are similar to the panel’s response in the replication
of the benchmark study in Section 7.4.1. However, because the RC slab’s dimensions and
distance between supports are different from that in the benchmark study, the RC slab
showed a slight increase in deformation which indicates that the RHS protective system’s
performance also depends on the strength and configurations of the main structure.

Figure 7.25. Comparison of RC slab's response under the blast loading of 350 g of TNT
at 47 mm standoff distance: (a) protected by RHS-A panel with 9.4-mm steel cover
plate; and (b) protected using 9.4-mm steel cover plate only (cross-sectional views)
Figure 7.25 shows the comparison of the response of the RC slab under the applied
blast loading with and without RHS-A sandwich panel system. The RC slab experienced
heavy damage when it was protected only with a 9.4-mm steel cover plate. The RHS-A
panel showed NPR behaviour, and the cover plate stopped just before the full
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densification of the core central region. The cover plate experienced large localised plastic
deformation in the central region. Since the concrete material model was used without
defining element erosion criteria for these models, the model for RC slab protected with
the steel plate showed heavy mesh distortions which could be taken as a representation
of concrete spalling damage. Figure 7.26(a) shows the mid-span displacement history of
the RC slab with the RHS-A protective system. The peak dynamic displacement of the
slab was 9 mm, and the maximum support rotation can be calculated as 1.3 degrees. Thus,
the RC slab’s response can be categorised as moderate damage. The energy absorption
characteristics of the RHS-A core and cover plate are shown in Figure 7.26(b). The cover
plate absorbed around 69% of energy from the total energy transferred to the protective
system from the detonation through localised deformation while the RHS-A core
absorbed around 27.5% of the total energy through core densification. Hence, 96.5% of
the total energy was absorbed by the RHS protective system effectively protecting the
main structure during the close-in blast detonation.

Figure 7.26. (a) Mid-span displacement history of the RC slab with RHS-A panel; and
(b) Energy absorption characteristics of the RHS-A panel and steel cover plate
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7.4.2.2 RHS-A panel with 9.4-mm HSS cover plate under 600 g of TNT and 70 mm
standoff distance (scaled distance 0.083 m/kg1/3)
In this loading scenario, a relatively large mass of TNT (compared to the previous
loading scenario) was placed at a standoff distance of 70 mm from the cover plate of the
protective system and the overall response of the system was investigated. Figure 7.27
shows the response of the protective system under applied blast loading, and its response
is similar to the panel’s response at 0.067 m/kg1/3 scaled distance (Section 7.4.2.1). But,
the central region of the RHS-A panel completely densified after 2.0 ms after the
detonation as shown in Figure 7.27(b). Similar to the previous loading scenario, the RHSA panel exhibited very high negative Poisson ratio behaviour which was activated by the
localised plastic deformation of the 9.4-mm steel cover plate.

Figure 7.27. The response of the RC slab protected using RHS-A panel with a 9.4-mm
cover plate under 600 g of TNT at 70 mm standoff distance: (a) Isometric view of the
system; and (b) deformation sequence of the RHS panel and cover plate
As a result of early full densification in the central region, a large impact load is
transferred on to the RC slab by the densified central region of the core as shown in Figure
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7.28(a). The RHS-A core densification started at around 2 ms and at the same time, the
transferred force started to increase producing a high impact load that resulted in
significant damage to the RC slab. The energy absorption characteristics of the protective
system under this blast loading are shown in Figure 7.28(b). The shapes of energy
absorption curves are similar to those in the case of scaled distance 0.067 m/kg1/3.

Figure 7.28. (a) Force transferred to the RC slab; and (b) e energy absorption curves
of the RHS panel and cover plate (Blast loading: 600 g TNT at 70 mm standoff)
The RHS-A panel absorbed around 28% of energy from the total energy
0
transferred to the protective system from the detonation (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) while the 9.4-mm

steel cover plate absorbed around 67% of the total energy through the localised plastic
deformation. The percentages of the energy absorptions of both the RHS-A panel and the
cover plate are very close to the percentages of the energy absorptions of RHS-A panel
and cover plate under loading of 350 g of TNT at 47 mm standoff distance (Z = 0.067
m/kg1/3). However, the RC slab in this test experienced more than 70 mm of mid-span
displacement leading to heavy damage. This is attributed to the large impact load
transferred to the RC slab after the full densification of the RHS protective system. Even
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though the overall energy absorption of the RHS protective system is 95% of the total
energy transferred to the protective system, the energy transferred to the RC slab is about
3.35 kJ (total energy – (energy absorbed by RHS panel + cover plate)), which is relatively
higher than that of the case with Z = 0.067 m/kg1/3 due to the higher total energy (67 kJ)
in this loading case compared to Z = 0.067 m/kg1/3.
7.4.2.3 RHS-A panel with 9.4-mm HSS cover plate under 1 kg of TNT and 200 mm
standoff distance (scaled distance 0.2 m/kg1/3)
The deformation pattern of the protective system under the blast loading of 1 kg
of TNT charge at 200 mm standoff is shown in Figure 7.29. The RHS protective system’s
deformation under this blast loading is different compared to the deformation patterns in
the cases with 350 g and 600 g of TNT (see Figure 7.25 and Figure 7.27). The 9.4-mm
steel cover plate did not experience any localised plastic deformation. Instead, it
compressed the RHS-A panel. Figure 7.29 shows the final deformed shape of the RHS
protective system. It can be noticed that the RHS panel showed nearly uniform thickness
in the XZ plane after the densification.

Figure 7.29. Deformed RHS-A panel and RC slab after blast loading of 1 kg of TNT at
200 mm standoff distance
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Figure 7.30. The deformation sequence of the RHS-A panel and cover plate under blast
loading of 1 kg TNT at a 200mm standoff distance (views across the cross-section)
The RHS-A panel’s deformation sequence is shown in Figure 7.30. The cover
plate initially showed localised elastic deformation in the central region and then it started
to compress the RHS-A at nearly uniform velocity. However, the RHS-A core showed
auxetic behaviour under the applied blast loading (see Figure 7.30). At some stage of the
deformation, the protective system showed dome-shaped deformation which could be an
effect of high NPR behaviour.
The peak dynamic displacement of the RC slab in this test is 15 mm and the RC
slab’s response level can be categorised as moderate damage. The RC slab without the
RHS panel under the same blast loading experienced several times higher mid-span
displacements as shown in Figure 7.31(a). Figure 7.31(b) shows the energy absorption
characteristics of the RHS protective system under the applied blast loading. Through
core densification, the RHS-A panel absorbed around 80% of the total energy acquired
by the protective system from the detonation, while the steel cover plate absorbed around
4.5% of the total energy. Thus, the contribution from the heavy 9.4-mm steel cover plate
to blast protection of the main structure is minimal in this blast loading situation. The
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results of this case raise a question of whether reducing the thickness of the steel cover
plate would improve the response of RC slab.

Figure 7.31. (a) Comparison of mid-span displacement histories; and (b) energy
absorption of the RHS-A panel and steel cover plate under the blast loading of 1 kg of
TNT at 200 mm standoff distance
To answer the above question, numerical simulations were performed with two
different thicknesses (5 mm and 3 mm) of the steel cover plate under the same blast
loading. Figure 7.32 compares the deformation patterns of the RHS-A panels with 5 mm
and 3 mm cover plates using the cross-sectional views through the middle (see Figure
7.30 for the deformation patterns of RHS-A panel with 9.4 mm cover plate). The localised
plastic deformation of the cover plate cannot be observed in all the cases. However, the
cover plates initially showed large deformation in the central region, but it eventually
disappeared with time thus, it could be taken as elastic deformation. The effective plastic
strain contours of the cover plates at 15 ms after the blast detonation are shown in Figure
7.33. It can be observed that the 3-mm steel cover plate showed plastic deformation close
to the edges of the plate due to the creation of warpages.
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Figure 7.32. Comparisons of the deformation sequence of the RHS protective systems
with different cover plate thicknesses under 1 kg of TNT at 200 mm: (a) RHS-A panel
with 5 mm cover plate and (b) RHS-A panel with 3 mm cover plate (cross-sectional
views are shown)

Figure 7.33. Effective plastic strain contours of the cover plates 3 mm, 5mm and 9.4
mm (blast loading: 1 kg of TNT at 200 mm standoff)
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Figure 7.34. Percentage of densification of the RHS-A panel with cover plate thickness
Unlike the RHS-A panel deformation in the case with 350 g at 47 mm SD, the
RHS-A panels deformed with nearly uniform thickness in the XZ plane. The final
deformed thicknesses of the RHS panels (from the cross-section) with 9.4 mm, 5 mm and
3 mm cover plates were around 35 mm, 28 mm and 14 mm, respectively. The percentages
of densification of the RHS panels were calculated for the above three cases assuming
that 100% densification is achieved when the RHS core thickness equals 10 mm. Figure
7.34 shows the variation of the percentage of densification of the RHS-A panel with the
cover plate thickness. This relationship shows that the RHS panel’s percentage of
densification increases with reducing the steel cover plate thickness due to the increase
of the initial velocity of the cover plate.
The mid-span displacement histories of the RC slabs underneath the protective
systems are compared in Figure 7.35(a). It can be seen that the peak dynamic
displacement of the RC slab increases when reducing the cover plate thickness thereby
increasing the RC slab’s damage.
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Figure 7.35. (a) Comparison of mid-span displacement histories of the RC slabs; and
(b) comparison of energy absorption characteristics, of RHS-A panels with 5 mm and 3
mm steel cover plates (1 kg of TNT at 200 mm standoff)
The total energy acquired by the protective system from the detonation of an
0
explosive charge (𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) changes with the thickness of the cover plate.

The total energy is mainly determined by the initial kinetic energy of the cover plate
delivered by the blast impulse through the conservation of momentum. Even though the
same blast impulse is applied to the protective system, the mass of the cover plate varies
with its thickness. As a result, the initial kinetic energy of the cover plate increases by
reducing its thickness (𝐾𝐾𝐾𝐾 = 𝐼𝐼 2 /2𝑚𝑚, where I is the total blast impulse and m is the mass

of the cover plate) even though the applied impulse on the cover plates is similar under
the same blast loading.
Figure 7.35(b) shows the energy absorption characteristics of the RHS-A panels
with 5-mm and 3-mm cover plates. The total energy gained by the protective system
0
(𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) from the detonation increased by nearly 2 and 3 times for the cases with 5

mm and 3 mm cover plates, respectively, compared to the total energy in the case with
the 9.4-mm cover plate. The energy absorption performance of the RHS panel through
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plastic deformation increases by reducing the cover plate thickness, which could be
attributed to the increased densification of the core (see Figure 7.34) compared to the
other two cases. The reason for the increase in the RHS-A panel’s densification when
reducing the cover plate thickness is the increase of the cover plate initial velocity. The
RHS-A panel with a 5-mm cover plate absorbed 80% of the total energy transferred to
the protective system while the cover plate absorbed 5.8% of the total energy. The RHSA panel with 3 mm cover plate absorbed 81% of the total energy while the 3-mm cover
plate absorbed 7.5% of the total energy. The cover plate energy absorption slightly
improved by reducing the plate thickness due to the plastic deformation of the corners
and the area close to the edges of the cover plates (see Figure 7.33), but in all three cases,
it did not show any localised plastic deformation in the central region. Thus, the reduction
of energy absorption of the cover plates under applied blast loading could be attributed to
the more uniform blast loading applied over the cover plate, which is not strong enough
to activate localised large plastic deformation of the cover plate and thereby to boost its
energy absorption.
It is important to note that the RHS-A panel absorbed an average of 80% of the
total energy gained by the protective system from the detonation through the RHS panel’s
core densification for all three cases and it did not depend on the cover plate thickness.
Thus, it can be concluded that for the close-in blast detonations starting from the scaled
standoff distance of 0.13 m/kg1/3, the RHS panel’s energy absorption as a percentage of
the total energy does not change with the cover plate thickness since the blast loading on
the cover plate becomes more uniform over the cover plate. Furthermore, when the blast
loading is applied more uniformly over the cover plate, the thickness of the cover plate
can be reduced but this will increase the damage to the RC slab.
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To further confirm the above findings, another set of simulations was carried out
for the RHS-A panels with 9.4 mm, 5 mm and 3 mm steel cover plates under the loading
of 1.1 kg of TNT at a standoff distance of 300 mm (scaled standoff distance: 0.29 m/kg1/3).
The RHS panel and cover plate responses and deformation patterns are very similar to the
protective system’s response under the loading of 1 kg of TNT at a standoff distance of
200 mm as discussed above, and the results are omitted here for the sake of brevity.
However, the energy absorption characteristics of the protective systems are presented in
Figure 7.36.
As is seen from the Figure 7.36, the total energy transferred to the protective
systems from the explosive charge detonation is increased by a factor of 1.8 and 2.8 for
the 5-mm and 3-mm cover plates, respectively, compared with the that of the case with a
9.4-mm cover plate, due to the reduction of the mass of the cover plates. The RHS-A
panels with 9.4 mm, 5 mm and 3 mm steel cover plates absorbed 85%, 86% and 87% of
the total energy, respectively. The energy absorption of the RHS panels as a percentage
of total energy transferred to the protective systems in the above three cases are similar
to each other, as observed in the previous blast loading scenario. The average percentage
of the energy absorption from the total energy is 86%, and it does not change with the
cover plate thickness. These results further confirm the finding that the energy absorption
of the RHS panel as a percentage of total energy acquired by the protective systems
0
(𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) from the blast detonation does not change with the thickness of the cover

plate for the same blast scenario. However, the energy absorption as a percentage of the

0
total energy (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) varies with the scaled distance which is further discussed in

the next sections (because the energy absorption percentage of total energy is 80% for a

scaled standoff distance of 0.2 m/kg1/3 and 86% for a scaled standoff distance of 0.29
m/kg1/3).
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Figure 7.36. Variation of the energy absorption of the RHS-A panel with three different
thicknesses under the blast loading of 1.1 kg of TNT at 300 mm standoff (scaled
distance 0.29 m/kg1/3)
7.4.2.4 RHS-A panel with 9.4-mm HSS cover plate under 1.3 kg of TNT at 200 mm
standoff distance (scaled distance: 0.18 m/kg1/3)
In this section, the performance of the RHS protective system subjected to blast
loading of spherical TNT charge of 1.3 kg at a 200-mm standoff is presented. Figure
7.37(a) shows the deformation sequence of the RHS protection under applied loading and
it is very similar to the deformation of the RHS system under the blast loading of 1 kg of
TNT at 200 mm. No significant deformation could be observed in the cover plate and the
cover plate gradually compressed the RHS-A panel with a uniform thickness along the
cross-section through the middle XZ plane. The RHS core exhibited high NPR behaviour.
However, the RHS-A panel showed full densification after about 2 ms, and then the cover
plate and the densified RHS panel transferred a load of 220 kN over a 3 ms period on to
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the RC slab as shown in Figure 7.37(b). As a result of this, the RC slab experienced heavy
damage, and the RHS protective system was ineffective to protect the main structure
under this blast loading.

Figure 7.37. (a) Deformation sequence of the RHS-A panel with 9.4-mm cover plate;
and (b) force transferred to the RC slab from the RHS panel (blast loading: 1.3 kg of
TNT at 200 mm)
On the other hand, this indicates that the total energy acquired by the protective
0
system (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) exceeded the energy absorption capacity of the RHS protective

system since the energy absorption capacity of the steel cover plate is very low as shown
in Figure 7.38(a). The RHS-A panel absorbed around 76% of the total energy gained by

the protective system while the steel cover plate absorbed 6% of the total energy as
internal energy. The mid-span displacement history of the RC slab is shown in Figure
7.38(b). The RC slab’s peak dynamic displacement reached around 27 mm and the slab’s
response can be categorised as heavy damage level.
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Figure 7.38. (a) Energy absorption of RHS-A and a cover plate; and (b) mid-span
displacement history of the RC slab (1.3 kg of TNT at 200 mm standoff distance)
7.4.3 The performance range of the RHS panel with 9.4-mm HSS cover plate
RHS-A panel with the 9.4-mm steel cover plate (RHS-A-9.4HSS) has been
investigated for four loading scenarios in Section 7.4.2. In the first loading scenario (Z =
0.067 m/kg1/3), the RHS-A-9.4HSS panel deformed with localised densification in the
central region and high NPR behaviour. The cover plate experienced large localised
plastic deformation in the central region which significantly increased the energy
absorption capacity of the RHS protective system. The high rate of deformation of the
cover plate and RHS panel terminated before the auxetic core’s full densification resulting
in effective protection of the main structure.
In the second loading scenario, Z = 0.083 m/kg1/3, the RHS-A-9.4HSS system
deformed similarly to the previous case, but the deformation did not stop before full
densification. As a result, the RHS system transferred a large impulsive load to the RC
slab leading to heavy damage.
In the third loading scenario (Z = 0.2 m/kg1/3), the blast loading is more uniform
over the cover plate. As a result, the cover plate does not deform plastically and absorbs
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a small amount of energy. The RHS-A panel tends to deform with uniform panel thickness
demonstrating the NPR behaviour. Thus, the contribution of the cover plate towards the
overall energy absorption capacity of the RHS protective system is very small.
The RC slab protection level depends on the intensity of the loading and the
energy absorption of the RHS panel. If the RHS panel is capable of absorbing a sufficient
percentage of the total energy before full densification of the core, the RHS protective
system can effectively protect the RC slab. Otherwise, when the RHS system is unable to
absorb sufficient amount of energy before full densification, the RC slab will experience
heavy damage (the fourth loading scenario Z = 0.3 m/kg1/3). The response of the RHS
protective system for four loading scenarios described above can be considered as
examples of four different response groups for the RHS protective systems. The response
of the RHS protective system under a given blast loading scenario can be explained and
categorised into one of the above four response groups independent of the RC slab’s
design. Thus, these four loading scenarios have shown that, for a given design of the
main structure (e.g. the RC slab), the RHS protective systems have a range of charge
weights and standoff distances for effective application as a protective system. However,
the response of the RHS protective system will be similar to the above example and the
protection level will change according to the intensity of blast loading and the strength
characteristics of the main structure.
Figure 7.39 shows the Charge Weight-Standoff (CW-S) diagram generated for the
one-way simply supported RC slab that was used for the experiments in this study
protected using RHS-A-9.4HSS system. The test slab was 80 mm thick RC with 23 MPa
uniaxial compression strength concrete with one layer of reinforcement bars, and 800 mm
centre to centre distance between supports. The CW-S diagram shows the performance
range of the RHS protective system. According to the PDC-TR-06-08 (2008), the
229

maximum support rotation (θ) of 2 degrees is the upper limit of the moderate damage
level. When the RC slab’s maximum support rotation is equal to or smaller than 2 degrees,
the RC slabs response can be considered as superficial or moderate damage.

Figure 7.39. Charge weight-Standoff diagram for the RC slab considered in this study
protected with RHS-A-9.4HSS with component damage levels
The red colour curve in Figure 7.39 represents a combination of charge weights
and standoff distances that cause maximum support rotation of 2 degrees in the given RC
slab protected with the protective system. The green colour shaded area represents the
combinations of charge weight and standoff distances for which the RHS protective
system can be effectively used for the protection of the RC slab used for these
calculations. The maximum support rotations of the RC slabs in that area range from zero
to below 2 degrees and can be categorised as superficial or moderate damage levels. The
RC slab protected using RHS-A-9.4HSS system could experience heavy damage to
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blowout damage for the charge weight-standoff combinations within the red colour
shaded area. However, this graph is only suitable for the RC slab design used in this study.
For the RC slab designs that are stronger than the RC slab used in this investigation, the
CW-S curve provided in Figure 7.39 moves upward expanding the regime for superficial
or moderate damage. But for the weaker RC slab designs than the RC slab used for this
study, the CW-S curve moves downward by reducing the effectiveness regimes of the
protective system.

Figure 7.40. Variation of the percentage energy absorption of RHS-A panel and 9.4mm steel cover plate with scaled standoff distance
A series of simulations were carried out to develop the CW-S diagram presented
in Figure 7.39, and energy absorption characteristics of the RHS-A panel and the cover
plate were analysed for all cases. Figure 7.40 shows the relationship between the energy
0
absorption of the RHS panel and the cover plate as a percentage of total energy (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+
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𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) and the scaled distance. It can be seen that the 9.4-mm steel cover plate absorbs

more energy than the RHS panel for the scaled standoff distances smaller than 0.13
m/kg1/3. Thus, the scaled standoff distance of 0.13 m/kg1/3 appears to be the limit for the

cover plate’s localised plastic deformation under the applied blast loading. The response
and deformations of the RHS protective system under the blast loadings within this
regime will be similar to the RHS protective system’s response under scale distances
0.068 and 0.083 m/kg1/3 (Sections 7.4.2.1 and 7.4.2.2).
For the scaled distances greater than 0.13 m/kg1/3, the blast loading applied to the
protective system is more uniform and most of the energy gained by the protective system
from the explosive charge detonation will be absorbed by the RHS panel rather than the
cover plate. The response and deformation pattern of the RHS protective systems within
this blast loading regime will be similar to response and deformation patterns of the RHS
protective systems described in Sections 7.4.2.3 and 7.4.2.4. The percentage energy
absorption curves provided in Figure 7.40 and the scaled standoff distance in which the
deformation transition occurs are valid for any RC structures, but RC structure should be
strong enough to support the initial reaction forces that are applied from the RHS
0
protective system during its initial deformation. If the total energy of the system (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+

𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) can be estimated or is known, the energy absorption of the RHS-A panel and the

steel cover plate can be estimated using Figure 7.40. If the remaining energy (total energy
0
(𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) - total energy absorption by RHS system) is greater than the critical energy

that could cause maximum support rotation of 2 degrees of the RC slab, the RC slab
experiences heavy damage and in this case, the RHS protective system can be considered
ineffective or even detrimental to the main structure. The critical energy that could cause
the 2 degrees maximum support rotation of the RC slab used in this study is 1.8 kJ.
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Since the percentage energy absorption curves in Figure 7.40 are independent of
the properties of the main structure, they can be used to get an idea about the RHS
protective systems’ performance under any blast loading scenario and RC slab design.
The parameters required for this preliminary design assessment are the total energy
0
(𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) and the critical energy value that causes 2 degrees of maximum support

rotation of the considered RC slab. The percentage of energy absorption can be obtained
from Figure 7.40 for the RHS-A panel and the cover plate according to the scaled standoff
0
distance. Since the total energy (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) is known, the energy absorption of the

RHS-A panel and cover plate can be calculated, and energy transferred to the main
0
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) – total energy absorption
structure (RC slab) can be estimated (total energy (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘

by RHS-A and cover plate). If the energy transferred to the main structure is greater than

the critical energy value, the main structure will experience heavy damage, or if less than
the critical energy value, the RHS protective system can effectively protect the main
structure. The response regimes of the RHS protective system can be evaluated by
comparison with the scaled standoff limit distance of 0.13 m/kg1/3. If the scaled distance
for a given loading scenario is smaller than 0.13, the RHS protective system’s response
for that blast loading will be a large localised deformation of both RHS-A panel and the
cover plate. If greater than 0.13, it will show global densification of the RHS-A panel.
7.4.4 Re-designing the experiments to evaluate the performance of the RHS
protective systems
In this section, the experiments on RHS protective systems, which were carried
out using RHS panel with lightweight cover plates (e.g. 3-mm aluminium plate, LDPE
and CFRP plate), are re-designed using the findings of the parametric study in this
investigation. According to Figure 7.39, if the same RC slab used for the experiments in
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this study is used with the RHS-A panel and a 9.4 mm steel cover plate under the same
experimental set-up, the RC slab will experience heavy damage under the blast loading
of 1.4 kg of TNT (equivalent to 1 kg of NM) at a standoff distance of 175 mm. Since the
scaled distance of this case (0.156 m/kg1/3) is greater than 0.13 m/kg1/3, the blast loading
is nearly uniform over the cover plate. Furthermore, the RHS-A panel fully densified and
9.4 mm steel cover plate did not plastically deform under blast loading. Thus, the main
energy absorption mechanism of the RHS-A panel with 9.4 mm cover plate is the RHS
panel’s deformation.
To improve the protection level of the RC slab, there are only two options
available with the protective system, which are (1) to use a thicker cover plate than 9.4
mm along with RHS panel and (2) to increase the number of layers in the RHS protective
system to avoid full densification. The other options available are to use the same
protective system but use a strong RC slab design which could reduce the mid-span
displacement of the slab or increase the standoff distance. However, with a stronger slab,
the RHS protective system would still be fully densified (175 mm standoff distance) and
transfer a significant amount of loading to the RC slab, which could lead to spalling
damage. The increase in the number of layers in the RHS panel is not practical as it creates
thicker and bulky structures.
After several trials with different thicknesses of the cover plate (9.4 mm, 12 mm,
16 mm, 20 mm and 25 mm) it was found that at least a 25 mm steel cover plate is required
in order to avoid heavy and blowout damage to the RC slab with the same supporting
conditions. Since the mass of the cover plate increases with the cover plate thickness, the
initial velocity of the cover plate significantly decreases compared to the case with the
9.4-mm thick plate, thereby the total energy is also decreased. Thus, the reduction of total
energy gained by the protective system from the explosion when increasing the cover
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plate thickness is good as it will also reduce the energy required to be absorbed by the
RHS panel as well as the energy transferred to the main structure. However, the major
drawback is the high areal density of the protective system with thicker cover plates.
The percentages of the RHS panel’s core densification are around 89%, 76%, 72%
and 66% for the 9.4 mm, 16 mm, 20 mm and 25 mm thick cover plates, respectively.
Figure 7.41(a) shows the cross-sectional view of the deformed RHS panel for the above
four cases. It can be seen that the RHS panel’s core densification decreased when
increasing the cover plate thickness owing to the reduction of initial velocity and kinetic
energy of the cover plates. In the case with 9.4 mm cover plate, the RHS panel
experienced full densification followed by a large impact load transferred to the RC slab
by the RHS panel, resulting in severe damage to the RC slab. But this behaviour can be
modified by using thicker cover plates.

Figure 7.41. (a) Comparison of the deformed RHS panel with different cover plate
thicknesses (15 ms); and (b) variation of the mid-span displacement histories of the RC
slab with the RHS-A panel’s cover plate thickness
The maximum mid-span displacement of the RC slab in the case with 25 mm
cover plate is around 15.5 mm which corresponds to 2.2 degrees of support rotation. From
Figure 7.41(b), it can be seen that the reduction of mid-span displacement gradually
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decreased with the increase of cover plate thickness, indicating that the further increase
of cover plate thickness would not be effective. However, the 25 mm cover plate increases
the areal mass of the protective system significantly and would not be a viable design
option.
As another option, the standoff distance can be altered to avoid the heavy damage
or blowout damage of the RC slab. It was found that the required distance between charge
and the top surface of the cover plate needs to be 340 mm (Z = 0.3 m/kg1/3) which gives
the RC slab a peak dynamic displacement of around 14 mm (see Figure 7.42(a)). The RC
slab’s maximum support rotation can be calculated as 2 degrees which is the upper limit
of the moderate damage level.

Figure 7.42. Numerical results for the RC slab protected using RHS-A panel with 9.4
mm steel cover plate under blast loading of 1.4 kg TNT at 340 mm standoff: (a) midspan displacement history; (b) energy absorption characteristics; and (c) cross-section
of the deformed protective system
The energy absorption characteristics of the protective system are shown in Figure
0
7.42(b) and it can be seen that the RHS panel absorbs around 83% of total energy (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+
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𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) while the cover plate did not contribute to the energy absorption. The blast loading

over the cover plate is uniform (Z > 0.13 m/kg1/3) and the RHS-A panel also uniformly

deformed under the blast loading with the high material flow towards the central region
(high NPR behaviour) (see Figure 7.42(c)).
As a final option, the RC slab design can be altered to avoid heavy or blowout
damage under the blast loading of 1 kg of NM charge at a 175 mm standoff distance.
After several trials varying the concrete compressive strength and the slab thickness, but
with the same reinforcement mesh and support conditions as the previous RC slab used
in this study, it was found that the RC slab thickness and compressive strength of the
concrete should be increased to 100 mm and 40 MPa to avoid heavy or blowout damage
of the RC slab when protected with the RHS-A panel with 9.4-mm steel cover plate. The
RC slab 2 (100 mm thick and 40 MPa) experienced around 13 mm peak dynamic midspan displacement (see Figure 7.43(a)) which corresponds to 1.9 degrees of support
rotation, the RC slab 2’s response can be categorised as moderate damage.
From Figure 7.43(a), a dramatic increase of mid-span deflections of RC slab 2 can
be noticed at around 3 ms which can be attributed to the large impulsive load transferred
from the RHS protective system after reaching its full densification. However, the RC
slab 2 can resist that impulsive loading without significant deformation as the new RC
slab is stronger than the RC slab used previously. Figure 7.43(b) shows the energy
absorption characteristics of the RHS protective system. The RHS-A panel absorbed
0
around 73% of the total energy (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) while the cover plate absorbed around 15%

of the total energy. These results further validate the percentage energy absorption

relationships provided in Figure 7.40 and have also proven that these percentages of
energy absorptions are valid for different RC designs. Figure 7.43(c) shows the cross-
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sectional view of the deformed RHS protective system and it reached around 90%
densification.

Figure 7.43. Numerical results for the RC slab (40MPa) protected using RHS-A panel
with 9.4 mm steel cover plate under blast loading of 1.4 kg TNT at 175 mm standoff: (a)
mid-span displacement history; (b) energy absorption characteristics; and (c) crosssection of the deformed RHS protective system
7.5 CHAPTER SUMMARY AND CONCLUSIONS
In summary, numerical models were developed, using LS-DYNA finite element
software, for RC slab protected using RHS panels with lightweight thin cover plates
(aluminium and CFRP) and heavy cover plates such as 9.4 mm steel under the close range
blast loads. Two types of models were developed. One model was developed using a
finite element method and another model was developed using a combination of finite
element and SPH methods using a new technique called FE method-coupled to-SPH. The
model that combined the FE method with SPH was used for the simulation of concrete
spalling damage in combination with material erosion. The numerical model results were
calibrated and validated using the experimental results from Chapter 6. The numerical
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model results are in good agreement with the experimental results. A parametric study
was conducted to find methods for optimising the performance of the RHS protective
systems. The major findings and conclusions drawn from the numerical simulations can
be summarised as follows:
•

The main reason for the ineffectiveness of the RHS protective panels with
lightweight cover plates (e.g. aluminium, CFRP, LDPE) was found to be
early RHS core densification, which results in the protective system
transferring a large impact load pulse onto the main structure.

•

The RHS panels with lightweight cover plates do not exhibit negative
Poisson’s ratio behaviour (auxetic behaviour) when subjected to the very
short duration high-magnitude impulsive loads in the close-in blast
scenarios. But RHS panels with thicker cover plates like 9.4 mm steel
cover plates exhibit high negative Poison’s ratio behaviour when subjected
to close-in blast scenarios.

•

The energy absorption capability of the RHS protective systems for closein blast scenarios, is controlled by the cover plate used with the RHS panel
Thus, cover plate selection plays an important role in the RHS protective
system design and should be carefully considered when designing RHS
protective systems.

•

The RHS panel needs to be used with thicker cover plates for improved
protection performance and effectiveness for close-range blast scenarios.
9.4 mm thick steel cover plate is found to balance the better performance
and the mass of the protective system.

•

There are two main response regimes of RHS protective systems with
thick steel cover plates: (1) large localised deformation of both RHS panel
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and cover plate (Z < 0.13 m/kg1/3); and (2) global densification of RHS
panel without plastic deformation in the cover plate (Z > 0.13 m/kg1/3).
This response regime transformation occurs at a scaled distance of 0.13
m/kg1/3 for the RHS-A panel with a 9.4-mm steel cover plate. This finding
is applicable for any RC slab design which is stronger than the RC slab
design used for this investigation.
•

The energy absorption of the RHS panel as a percentage of the total energy
0
(𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) does not change with the thickness of the cover plate under

the same blast loading scenario. However, the percentage of energy
absorption varies with the scaled standoff distance. This finding is
applicable for any RC design but only with steel cover plates.
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CHAPTER 8 PERFORMANCE OF RE-ENTRANT HONEYCOMBCORED SANDWICH PANEL SYSTEMS UNDER IMPACT LOADS
8.1 OVERVIEW
Critical infrastructure like bridges and especially bridge piers, buildings beside
the highways and railway tracks, and tunnels are likely to be subjected to impact loads
ranging from low to high velocity. Such accidental or deliberate events could potentially
cause high levels of damage to structures and loss of lives or injuries. To minimise the
damage caused by impact loads, several protective structures can be implemented such
as highway road barriers (crash barriers), crash cushions and buffer stops. The main task
of these structures is to absorb the kinetic energy of the impacting body and protect the
main structure.
The re-entrant honeycomb-cored sandwich panel (RHS) protective systems can
also be proposed as protective systems for crash barriers and crash cushions owing to its
high energy absorption capacity and negative Poisson’s ratio behaviour. In this chapter,
the impact resistance capabilities of the re-entrant honeycomb-cored sandwich panel
systems are investigated through large-scale experiments on metallic RHS panels. The
RHS systems were fabricated from aluminium sheets utilising the novel fabrication
method proposed in this thesis. One-way simply supported reinforced concrete slabs were
used as the main structures for this investigation. The performance of the RHS systems
was evaluated considering the mid-span displacements and damage on the reinforced
concrete slab. Finite element numerical models were developed using LS-DYNA R10
software. The two concrete material models that are available in LS-DYNA were utilised
and the results were compared with experiments to find the effectiveness of the concrete
material models to predict the response of the RC structures under impact loads.
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8.2 SPECIMEN DETAILS, PREPARATION AND MATERIAL TESTING
8.2.1 Specimen details and preparation
The specimens used for the tests included three reinforced concrete slabs and two
identical metallic re-entrant honeycomb-cored sandwich (RHS) panels. The sandwich
panels were composed of two 0.6 mm thick aluminium alloy face sheets and a re-entrant
honeycomb core made from Grade AA 5005-H34 aluminium alloy. The sandwich panel
had a length of 500 mm, a width of 490 mm and height of 134 mm (see Figure 8.1(a)).
The panel had four complete re-entrant honeycomb unit cells (layers) in the thickness
direction (Z-direction) as shown in Figure 8.1(b).

Figure 8.1. (a) Overall dimensions of the sandwich panel; (b) front view of the
sandwich panel; and (c) dimensions of a single re-entrant honeycomb unit cell
The design parameters for the re-entrant honeycomb (RH) unit cell are shown in
Figure 8.1(c). To achieve the best performance under the drop hammer impact loads, the
internal angle of the unit cell was set at 58 degrees and the throat width (b) was selected
as 25 mm. The height of the unit cell was selected as 32 mm which is slightly higher than
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that used for the previously tested panels. It was decided to increase the cell height slightly
to enable easier fabrication as well as to minimise fabrication imperfections. The 0.6-mm
thick Grade AA 5005-H34 aluminium alloy sheets were used to fabricate the RHS panels
(see Figure 8.2) using the fabrication technique described in Chapter 4. Thus, the inclined
walls of the RH unit cell had a thickness of 0.6 mm while the horizontal wall sections had
1.2 mm thickness due to bonding of two folded aluminium sheets to create the RH auxetic
unit cell geometry. The average mass of the sandwich panel was around 6.60 kg. A 6-mm
thick Grade AA 6061-T651 aluminium alloy plate with dimensions of 500 mm × 500 mm
was used as a cover plate for the RHS panels to distribute the impact loading throughout
the sandwich panel as well as to prevent excessive local damage to the sandwich panel.

Figure 8.2. Fabricated re-entrant honeycomb-cored sandwich panels
Dimensions and reinforcement details of the reinforced concrete slabs used for
the testing are shown in Figure 8.3. The RC slab had a length of 1950 mm, a width of 500
mm and a thickness of 100 mm. Normal ductility class (D500N) deformed reinforcing
bars with 10 mm diameter and 500 MPa yield strength were used as main and secondary
reinforcing bars. The “N” Grade rebars were selected due to their higher ductility
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compared to the “L” Grade rebars. Rebars were cut into required dimensions and were
arranged to form a mesh as shown in Figure 8.3. The spacing between the main bars was
100 mm while that for the secondary bars was 200 mm. The longitudinal and transverse
rebars were connected by using wires ties. 25-mm high plastic reinforcing bar chairs were
placed between the bottom of the formwork and the main rebars. Samples were taken
from the 10 mm rebars to perform tensile testing under quasi-static loading to obtain
mechanical properties, and the tensile testing results are presented in Section 8.2.2.2.

Figure 8.3. Dimensions of the RC slab and reinforcement details
Normal strength Grade N40 concrete was used to cast the RC slabs in which
concrete strength was selected based on the preliminary numerical model results. Readymixed N40 Grade concrete (14 mm maximum size of coarse aggregates) was ordered
from an external supplier and was delivered to the structural laboratory for concrete
casting. The concrete was ordered with 120 mm slump. However, 110 mm slump was
recorded from the slump testing performed at the laboratory. A total of twelve small
standard cylinders (100 mm diameter × 200 mm height) were cast for compressive
strength testing at 7 days and 28 days while two large cylinders (150 mm diameter × 300
mm height) were cast to perform splitting tensile strength tests at 28 days. Figure 8.4
shows images of formwork and reinforcement taken during the concrete slab preparation.
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Figure 8.4. Formwork and reinforcements prepared for concrete casting and cast
concrete slabs
8.2.2 Material testing and results
8.2.2.1 Concrete material testing and results
Compression tests were carried out for the two small cylinders (100 mm diameter
and 200 mm height) at 7 days and three small cylinders at 28 days as per AS 1012.9:2014
(Standards Australia 2014). MATEST concrete compression testing machine with a
maximum load of 4000 kN was used. All the specimens were capped using the sulphur
mixture to cover the rough top surfaces of the specimens. Then the capped specimens
were tested under monotonically increasing load at a rate of 20 MPa compressive stress
per minute until failure.
The same testing machine was used to perform the splitting tensile strength tests
for two large cylinder specimens of 150 mm diameter and 300 mm height at 28 days. The
specimen was placed on the steel testing jig in such a way that the axis of the cylinder
was horizontal and aligned with the vertical plane passing through the specimen axis.
Plywood strips were used as the bearing strips in the test to uniformly distribute the load
and reduce the pressure near the points of loading. Images of the specimens during the
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compression and splitting tests are shown in Figure 8.5. The summary of mechanical
testing results is presented in Table 8.1.

Figure 8.5. Concrete testing: (a) compression test; and (b) splitting tensile test
8.2.2.2 Material testing results for steel reinforcing bars
Uniaxial tensile strength tests were performed for three specimens cut from the
10 mm steel reinforcing bars as per AS 1391-2007-R2017 (Standards Australia 2017).
The 300 mm long specimens were mounted to the Instron Universal Testing Machine.
Axial extensometer (Epsilon Model 3543) was attached to the specimen with a 101.6 mm
gauge length, and the specimen was stretched at a speed of 1 mm/min. Engineering stressstrain curves of the 10 mm Grade 500 steel reinforcement bars obtained from the tensile
testing are shown in Figure 8.6. The yield strength and Young’s Modulus were
determined as 478 MPa and 190 GPa, respectively.
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Table 8.1. Mechanical properties of concrete used for RC slabs
Average test results
Material property
Compressive strength / 𝑓𝑓𝑐𝑐
(MPa)

Tensile strength / 𝑓𝑓𝑡𝑡 (MPa)

7 days

28 days

25

44

-*

3.75

*

tensile tests were not carried out at 7 days.

Figure 8.6. Engineering stress-strain relationship for Grade 500 steel reinforcing bars
(10 mm diameter)
8.2.2.3 Material testing results for aluminium alloys
The material testing of Grade AA 5005-H34 aluminium alloy sheets, which were
used to fabricate the RHS panels, was performed and the material testing results have
been presented in Chapter 4 (see Section 4.5).
Grade AA 6061-T651 aluminium alloy 6-mm thick plates were used as the cover
plates in the RHS protective systems. Standard size dog-bone specimens were machined
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from the 6-mm thick Grade AA 6061-T651 aluminium sheet with the dimensions as
shown in Figure 8.7(a). Uniaxial tensile tests on the machined dog-bone specimens were
carried out using Intron 8801 Universal Testing Machine at the structural engineering
laboratory at UOW. The specimens were stretched at a rate of 2 mm/min in accordance
with AS 1391 (Standards Australia) until failure occurred. Strains were measured using
an axial extensometer and loading was recorded using a load cell. Figure 8.7(b) shows
the dog-bone specimens during the testing and specimen failure.

Figure 8.7. Tensile testing of 6 mm thick Grade AA 6061-T651 aluminium: (a)
dimensions of the dog-bone specimens and (b) view of the tensile testing of specimens
The engineering stress-strain relationships of the Grade AA 6061-T651
aluminium obtained from the tensile testing of dog-bone specimens are shown in Figure
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8.8. Grade AA 6061-T651 is a structural grade aluminium type, and it exhibits large
strength to weight ratio and is well suited to be used as cover plates for the RHS protective
systems. The yield strength and Young’s modulus of the Grade AA 6061-T651
aluminium alloy were estimated as 225 MPa and 70 GPa, respectively.

Figure 8.8. Experimental engineering stress-strain relationship of the Grade AA 6061T651 aluminium
8.3 EXPERIMENTAL SET-UP AND EXPERIMENTAL PROGRAM
8.3.1 Experimental set-up for reference test
Figure 8.9 shows the schematic diagram of the experimental set-up for the
reference test where the one-way reinforced concrete slab was tested under impact load,
without any protection. The tests were performed using the Drop Hammer Impact Testing
Facility at the High Bay Structural Laboratory of the University of Wollongong. The
facility consists of a large Drop Hammer with a total mass of 600 kg which can be dropped
from a height up to 6 m from the ground level. The drop hammer is composed of three
main components, namely the anvil weighing 580 kg, the large-capacity load cell and the
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impactor. The impactor shape and size can be altered according to the specimen which
needs to be tested. In this study, a large flat circular impactor with a 245 mm diameter
was used.

Figure 8.9. Schematic diagram of the experimental set-up for bare concrete slab (the
reference test)
One end of the one-way RC slab was placed on a solid round bar with a 100 mm
diameter while the other end was placed on a triangular prism as shown in Figure 8.9.
The centre-to-centre clear distance between the supports was 1800 mm. The round bar
and the triangular prism were placed on two heavy steel sections which were firmly fixed
to the strong floor on the laboratory. Two 10-mm thick flat plates were centrally placed
between the concrete slab and the supports to enable free rotation without localised
damage near the contact area.
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8.3.2 Experimental set-up for the RC slab protected with RHS system
The experimental set-up for the tests with RHS systems was similar to the set-up
used for the reference tests. After mounting the RC slab, the RHS protective system was
centrally placed on the RC slab in such a way that the axes of the re-entrant honeycomb
unit cells were parallel to the long edge of the concrete slab (see Figure 8.10).

Figure 8.10. Schematic diagram showing orientation of RHS protective system in the
impact tests
Figure 8.11 shows a schematic diagram of the experimental set-up for tests with
RHS protective system. As explained earlier, the RHS panel was placed on the concrete
slab and no restraints were used to bond them. A 6-mm cover plate from aluminium alloy
Grade AA 6061-T65 was centrally placed on top of the RHS panel without bonding.
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Figure 8.11. Schematic diagram of the experimental set-up for the tests with the RHS
systems
8.3.3 Experimental program
Three tests were performed in this investigation to evaluate the performance of
the RHS protective systems as summarised in Table 8.2. In the test ID column, the RC40
represents the RC slab which is used as the main structure; the AUX58-6Al represents
the RHS protective system in which the RHS panel’s core had re-entrant unit cells with a
58-degree internal angle for the auxetic unit cells and a 6 mm aluminium cover plate, and
final term (h300/h450) represents the drop height (h) (see Figure 8.11).
The experiments can be divided into two groups, namely the reference test group
and the group for tests with RHS protective systems. A bare reinforced concrete slab
(RC40) was tested in accordance with the experimental set-up described in the previous
section. In the reference test, the drop hammer was released from a height of 450 mm
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between the impactor and the concrete top surface. The velocity of the impactor before
the impact was 3.0 m/s and the total energy transferred to the structure during the impact
was 2.6 kJ.
Table 8.2. Experimental program and summary of tested specimens

Test ID

Specimens tested

Drop height (H)/Drop
height from panel (h)

RC slab (RC40)

H = 450mm / N/A

Reference test group
RC40

Tests with protective systems

RC40-AUX58-6Al-h450

RC slab (RC40-1) +
AUX58 + 6 mm aluminium
cover plate

H = 600 mm / h = 450 mm

RC40-AUX58-6Al-h300

RC slab (RC40-2) +
AUX58 + 6 mm aluminium
cover plate

H = 450 mm / h = 300 mm

Two tests were performed with the RHS protective systems. The same RHS
protective system designs were used for both tests which included AUX58 sandwich
panels and 6 mm thick aluminium cover plates. However, the tests were performed at two
different drop heights to evaluate the performance of the RHS protective systems for two
different impact velocities. In the RC40-AUX58-6Al-h300 test, the drop hammer was
released from a 300 mm distance from the top surface of the cover plate. The drop
hammer velocity just before the impact was 2.5 m/s, and the total energy transferred to
the protective system was 1.7 kJ. In the RC40-AUX58-6Al-h450 test, the drop hammer
was released from a 450 mm distance from the top surface of the cover plate in which the
velocity of the drop hammer just before the impact was 3.0 m/s, the total energy
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transferred to the protective system was 2.6 kJ. The experimental setups for the reference
test and the two tests with the RHS protective systems are shown in Figure 8.12.

Figure 8.12. Experimental setups and instrumentation for (a) reference test; (b) RC40AUX58-6Al-h300 test; and (c) RC40-AUX58-6Al-h450 test
8.3.4 Instrumentation for the drop hammer impact tests
The RHS protective systems’ performance under impact loads was evaluated in
terms of the mid-span displacement and visual damage of the RC40 slabs. Thus, a highspeed laser displacement gauge (ACUITY AR500 laser transducer with a 250 mm range)
was placed underneath the RC40 slabs at the mid-span as shown in Figure 8.12(a). The
displacement data were recorded at a sampling rate of 10,000 samples per second. The
impact load between the impactor and the specimen was measured using a high capacity
load cell which was installed in the drop hammer as shown in Figure 8.12(b). The impact
force data were recorded at the same sampling rate as above. To measure strains on the
10 mm steel reinforcing bars, two strain gauges were installed on the steel reinforcing
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bars near the RC slab mid-span (see Figure 8.13 for the locations of the strain gauges).
The strain data was recorded at 10,000 samples per second sampling rate. All the sensors
were connected to the National Instrument high-speed data acquisition system for data
recording using the laser beam triggering system.

Figure 8.13. Locations of the stain gauges on the steel reinforcing bars inside the RC
slabs
A high-speed camera (Model nac MEMRECAM HX-7s) was used to record the
RC slab’s deformation in the reference test. The high-speed camera was focussed on the
central part of the slab and the impact zone to capture the dynamic displacements and the
interaction of the impactor with the concrete slab. For the tests with RHS protective
systems, the high-speed camera was placed in front of the RHS panels to capture the
deformation sequence of the RHS panels’ cores. The specimens’ responses were recorded
using 4000 fps frame rate.
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8.4 DEVELOPMENT OF NUMERICAL MODELS FOR DROP HAMMER
IMPACT TESTS
Two numerical models were developed for the reference test and RC slab
protected using the RHS protective system. The numerical models were developed using
LS-DYNA R10.0 finite element software and LS-PrePost version 4.5 pre-processor. The
full structure, including the RC slab, supporting plates, RHS protective system, and the
drop hammer was modelled. 3D models for the RC slab and the RHS protective system
were created in AutoCAD 2018 software and imported into the LS-PrePost pre-processor
for meshing and defining other required keyword cards for the LS-DYNA model.
8.4.1 Development of model geometry, boundary conditions and contacts
As mentioned earlier, the geometry of the RC slab including supporting structures
and the RHS protective system was created using AutoCAD 2018 software and meshed
using the LS-PrePost software. The RC slab was modelled using eight-node solid
elements with constant stress element formulation in combination with hourglass control.
A 5-mm mesh size was used for the slab based on the mesh sensitivity analysis presented
in Chapter 7. The reinforcing bars were modelled using 1D beam elements with a 2 mm
element length. The connection between reinforcing bars and the concrete material was
modelled using the keyword card *CONSTRAINED_LAGRANGE_IN_SOLID which is
commonly used to treat the coupling mechanism between reinforcing bars and the
concrete elements (Castedo et al., 2015; Kristoffersen et al., 2018; Thiagarajan et al.,
2015).
The triangular prism, solid round bar and flat plates were modelled using eightnode solid elements and a 10 mm mesh size. Since the contribution from the supports to
the structural response was negligible, the supporting structures were modelled as rigid
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bodies using *MAT_RIGID material model. Both supports were placed on the fully fixed
wide flat plates allowing possible movements to the round bar during the impact
simulations.
The RHS protective system was modelled using similar techniques to those used
to develop the numerical models in Chapter 5 and Chapter 7. The core walls of the RHS
panel were modelled using Belytschko-Tsay four-node shell elements with five
integration points through the thickness. The 6-mm aluminium cover plate was also
modelled using shell elements with ten integration points through the thickness. After
performing a mesh sensitivity study, a 2 mm mesh size was used for the shell elements in
both the RHS panel and cover plate. As mentioned in previous chapters, the inclined wall
sections in the RHS core had shell element thickness of 0.6 mm but the thickness for the
horizontal wall sections was set to 1.2 mm the actual thickness of the horizontal wall
sections in the fabricated RHS panels. The connections between the horizontal and
inclined wall sections were defined by creating and merging the common nodes. The
connections between the cover plate and top face sheet of the RHS panel, and the concrete
top surface and bottom face sheet of the RHS panel was modelled using the automatic
contact algorithms by defining *AUTOMATIC_SURFACE_TO_SURFACE keyword
cards in LS-DYNA. The same algorithm was used to define the contacts between the
triangular prism, round bar and the flat plates.
The anvil, load cell and impactor of the drop hammer impactor were modelled
using eight-node solid elements with reduced integration points. However, a coarser mesh
was used to model the anvil and the load cell, and the relatively finer mesh was used for
the impactor. The anvil, load cell, and impactor were modelled as rigid bodies via
*MAT_RIGID, but the material density was adjusted to achieve the 580 kg mass of the
anvil.
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The drop hammer impactor free falling process was omitted in the simulation.
Instead, the drop hammer was placed 1 mm apart from the top surface of the concrete slab
and top surface of the aluminium cover plate for the reference test simulation and
simulations with RHS protective systems, respectively. The impact velocity of the drop
hammer just before it strikes with specimens was applied for all the nodes in the drop
hammer using the keyword *INITIAL_VELOCITY_GENERATION. The effect of
gravitational acceleration was modelled by introducing gravitational acceleration via
*LOAD_BODY_Z. Figure 8.14 shows the isometric views and side view of the finite
element (FE) numerical models developed for this study.

Figure 8.14. Finite element numerical models for drop hammer impact tests (mesh was
hidden from the views for illustration purposes)
8.4.2 Modelling material behaviours in the FE models
8.4.2.1 Concrete material
Two different material models namely K&C Concrete Model and Winfrith
Concrete Model (WCM) were separately used for numerical simulations to model the
material behaviour of Grade 40 MPa concrete to find the material model that could
reasonably capture the RC slab response under impact loads. Even though there are
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several concrete material models available in LS-DYNA code such as Winfrith Concrete
Model, Holmquist Johnson Concrete Model, K&C Concrete Model and Continuous
Surface Cap Model for Concrete to model the concrete behaviour, the K&C Concrete
Model and Winfrith Concrete Model are most suited for the simulation of impact and
blast loads and were selected for this investigation (Thiagarajan et al., 2015).
The K&C concrete material model can be defined using a keyword card
*MAT_CONCRETE_REL3 and is widely used for the simulation of concrete structures
under impact loads and blast loads. Most importantly, the K&C material model has the
capability of automatic model parameter generation and can be easily used if the uniaxial
compressive strength of concrete is provided. More details about the K&C material model
are given in Section 7.2.3, Chapter 7. Since the K&C Concrete material model was
originally developed and calibrated using the material properties and experimental data
for concrete with uniaxial compressive strength of 45 MPa (Magallanes et al., 2010), this
model was selected for this study as the compressive strength of concrete used for this
investigation was 44 MPa. The key material model parameters used to model the 44 MPa
concrete using the K&C Concrete model are presented in Table 8.3.
The Winfrith Concrete Model is a smeared crack model implemented into LSDYNA in 1991 and can be defined by using *MAT_WINFRITH_CONCRETE
(*MAT_084) keyword card in LS-DYNA. The Winfrith Concrete Model was developed
in the 1980s for solving reinforced concrete structures under impact loads. The model is
based upon the four-parameter model for shear failure surface proposed by Ottosen
(Schwer, 2011; Wu et al., 2012). This material model has the capability of including strain
rate effects using a built-in function based on the CEB strain rate enhancement
recommendation (Schwer, 2011). The special feature in this material model is the
modelling of concrete tensile cracking, up to three orthogonal crack planes per element,
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and cracks can be visualised through the LS-PrePost pre-processor. This material model
does not have automatic parameter generation capability, but it requires relatively simple
input parameters which can be determined for a given concrete grade using standard
material tests. The input parameters used to model the 44 MPa concrete in this study using
the Winfrith Concrete Model are presented in Table 8.3.
Table 8.3. Input deck parameters for concrete material models (Grade 44 MPa)
*MAT_CONCRETE_REL3 / K&C Concrete Model
RO

A0

RSIZE

UCF

LCRATE

2.340×10-9

-44

39.37×10-3

145

-1

Winfrith Concrete Model / *MAT_WINFRITH_CONCRETE
RO

TM

PR

UCS

UTS

2.340×10-9

33536.79

0.18

44

3.78

FE

ASIZE

RATE

CONM

0.127

6

0

-4

Note: RO - Mass density; A0 - Maximum shear surface parameter; RSIZE and UCF –
Unit conversion parameters; LCRATE – Strain rate effects; TM - Concrete tangent
modulus; PR – Poisson’s ratio; UCS – Uniaxial compressive strength; UTS – Uniaxial
tensile strength; FE – Fracture energy; ASIZE – Aggregate size (radius); RATE –
Strain rate effects; CONM – Model units conversion factors.
8.4.2.2 Modelling the material behaviour of steel in reinforcing bars
The material behaviour of the 10-mm diameter Grade 500 steel reinforcement bars
was

modelled

using

*MAT_PIECEWISE_LINEAR_PLASTICITY

(*MAT024)

constitutive model in which the experimental effective stress vs effective plastic strain
relationship can be input. This material model is a cost-effective, elasto-plastic material
model and has the capability of accounting for strain rate effects and material failure
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based on a failure plastic strain value. The strain rate effects of steel were modelled using
the Cowper and Symonds model. The material model parameters used for the Grade 500
reinforcing steel are presented in Table 8.4.
Table 8.4. Material model input parameters for Grade 500 reinforcing steel and AA
6061-T651 aluminium alloy
Material model type and input parameters (Ton, mm sec)
Material

*MAT_PIECEWISE_LINEAR_PLASTICITY
RO

E

PR

SIGY

C

P

LCSS

Grade 500
steel rebars

7.85×10-9 1.71×105 0.3

550

40.4

5

Figure 8.6

AA 6061T651

2.70×10-9 7×104

225

6500 4

Figure 8.8

0.3

Note: RO – Mass density; E – Elastic modulus; PR – Poisson’s ratio; SIGY – Yield
strength; C and P – Cowper – Symonds coefficients; and LCSS – Stress-strain curve
8.4.2.3 Modelling material behaviour of aluminium material
The Grade AA 5005-H34 aluminium alloy, which was used to fabricate the RHS
panels, was modelled using *MAT_PIECEWISE_LINEAR_PLASTICITY model and
the material model parameters used in numerical simulations in this investigation are the
same as the material model parameters used in numerical simulations in Chapter 5 and
Chapter 7 (see Chapter 4 for experimental stress-strain relationship and Chapter 5, Table
5.2 for material model parameters for FE model). The material behaviour of Grade AA
6061-T651 aluminium alloy was modelled using the same material model as above and
the material model parameters are presented in Table 8.4. The strain rate effects of both
aluminium grades were modelled using the Cowper and Symonds model. The Cowper
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and Symonds coefficients, C (s-1) and p, of the aluminium were taken as 6500 s-1 and 4
respectively as suggested by Paik and Thayamballi (2018).
The triangular prism and round bar supports and 10 mm flat steel plates were
modelled using *MAT_RIGID and the required input parameters were 7850 kg/m3, 200
GPa and 0.33 for mass density, elastic modulus and Poisson’s ratio, respectively.
8.5 EXPERIMENTAL RESULTS AND DISCUSSION
In this section, the experimental results of the bare concrete slab and RC slabs
protected with the RHS protective systems under the impact loads are presented and the
performance of the RHS protective systems is discussed.
8.5.1 The response of the bare concrete slab under 3 m/s impact velocity
The bare concrete slab was tested under the impact of 600 kg of falling mass at a
velocity of 3 m/s. To achieve the impact velocity of 3 m/s, the drop hammer impactor was
released from 450 mm (H) above the surface of the slab. The total kinetic energy of the
impactor before the impact was around 2.6 kJ. Figure 8.15 shows the damage of the RC40
slab after the drop hammer impact test.
The one-way simply supported RC40 slab experienced flexural tension failure
with three major cracks in the tension side (bottom side) of the slab and yielding failure
of all the 10 mm reinforcement bars. Also, crushing of the concrete on the compression
side (top side of the slab) within an approximately 60 mm wide region can be observed
in the middle of the slab, representing compression failure of the concrete (see Figure
8.15(b)).
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Figure 8.15. Damage RC40 slab in the reference test: (a) side view and (b) overhead
view of the RC40 slab

Figure 8.16. Tensile cracks on the tension side of the RC40 slab in the reference test
The tension cracks on the tension side (bottom side) can be observed within a
region about 300 mm wide close to the mid-span of the slab (see Figure 8.16). Among
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the three major cracks, the crack at the mid-span of the RC slab was a major throughthickness crack with a crack width of about 2 mm. Other than those cracks, there were no
visible cracks or damage to the RC40 slab. The slab visibly showed large permanent
displacement indicating permanent deformations of the 10 mm reinforcing bars. The peak
permanent mid-span displacement of the RC40 slab was manually measured at the end of
the test as 45 mm. The deformed profile of the RC40 slab is presented in Figure 8.17.

Figure 8.17. Deformation profile of the RC40 slab (non-impacted face) in the reference
test

Figure 8.18. Deformation sequence of the RC40 slab in the reference test as captured
by the High-speed video camera
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The mid-span deflection history, strain measurements and impact load history are
not available for this test as the data acquisitions system failed to record the data due to a
technical issue. However, the mid-span displacement history of the RC40 slab (bottom
surface) in the reference test was estimated from the high-speed video footage on the test.
The grid which was drawn in the side view of the slab was used as the scale for the
estimation of the displacement history of the RC slab. Figure 8.18 shows the sequence of
the RC40 slab’s deformation states obtained from the high-speed video footage. It can be
noted that the tensile crack at the mid-span of the slab appeared at around 20 ms after the
impact. The concrete crushing on the compression side of the RC slab appeared at around
135 ms as shown in Figure 8.18.

Figure 8.19. Mid-span displacement history for the RC40 slab in the reference test
(displacement data was obtained from the high-speed video)
Figure 8.19 shows the mid-span displacement history obtained from the highspeed video footage of the RC40 slab in the reference test. The peak dynamic mid-span
displacement of the slab was 71 mm which occurred at around T = 54 ms after the first
impact (T = 0 ms). The second impact of the impactor with the RC40 slab occurred around
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250 ms after the first impact and the displacement data only for the first impact is
presented in Figure 8.19. The maximum support rotation (θ) of the RC slab can be
calculated from the peak mid-span displacement of the slab (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 ) and distance between

supports (𝑙𝑙) using Eq. 7.2 as mentioned in Chapter 7. The response of the RC slab can be
categorized into component damage levels described in Reference (PDC-TR06-08, 2008)
according to the value of the maximum support rotation (θ). The maximum support
rotation of RC40 slab in the reference test is 4.5 degrees and the RC40 slab’s response
can be categorized into Heavy damage level.
8.5.2 The response of the RC slab with RHS protective system under impact loads
8.5.2.1 Impact of 600 kg of impactor at 3 m/s
In this section, the experimental results of the test RC40-AUX58-6Al-h450 are
presented. The RC slab (slab ID – RC40-1), with identical properties to the reference test,
was tested with the RHS protective system under the impact of 600 kg of mass (drop
hammer impactor) at an impact velocity of 3 m/s (the drop hammer impactor was freely

released from 450 mm distance from the top surface of the cover plate). The damage to
the RC slab was evaluated and compared with the reference test to assess the effectiveness
of the RHS protective system.
Figure 8.20 shows a few views of the deformed RC slab protected with the RHS
protective system under the impact of 600 kg of impactor at a velocity of 3 m/s. It can be
observed that the RC slab (RC40-1) in this test showed relatively less damage than the
RC slab in the reference test. The RHS panel showed uniform deformation as shown in
Figure 8.20. The 6-mm aluminium cover plate did not show any deformation after the
test. Thus, it effectively distributed the impact load throughout the RHS panel.
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Figure 8.20. Deformed RC slab with RHS panel system after the drop hammer impact
test (RC40-AUX58-6Al-h450)
Figure 8.21 shows the closer views of the RC40-1 slab’s damage after the impact
test RC40-AUX58-6Al-h450. It can be observed that there was no concrete crushing
damage on the compression side of the slab (see Figure 8.21(b)) indicating that the RHS
protective system successfully prevented the concrete crushing damage experienced by
the RC40 slab in the reference test. The RC slab experienced flexural tension failure with
several cracks. The tension side of the slab showed 3-4 cracks around the mid-span of the
RC slab (see Figure 8.21(c)), but the cracks’ widths were smaller than in the reference
tests. Also, the crack at the mid-span is noticeably larger than the other cracks (see Figure
8.22) but it did not connect to the compression side of the slab; there were no throughthickness cracks. The permanent mid-span deflection of the RC40-1 slab was measured
at the end of the test as 10 mm. This is a 78% reduction of the mid-span permanent
deflection when compared to the reference test. Therefore, the RHS protective system
provided an effective reduction in the permanent mid-span displacement of the RC slab
under the impact of 600 kg mass at a velocity of 3 m/s.
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Figure 8.21. RC slab (RC40-1) protected using RHS panel system after the test (RC40AUX58-6Al-h450): (a) side view; (b) overhead view, and (c) right and left side of the
slab

Figure 8.22. A closer view of the RC slab's (RC40-1) tension side (bottom of the slab) in
the test RC40-AUX58-6Al-h450
The high-speed laser displacement sensor was able to record the mid-span
displacement data in this test, but it had a systematic noise in the recorded data due to an
unidentified technical issue. However, it was possible to filter out the noise from the
displacement data, and the filtered mid-span displacement history of the RC40-1 slab is
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shown in Figure 8.23. It can be observed that the laser displacement sensor also captured
the RC slab’s permanent displacement of 10 mm. The peak dynamic mid-span
displacement of the RC slab (RC40-1) was around 25 mm which is a 65% reduction of
the peak dynamic displacement of the RC slab compared to the reference test. The
maximum support rotation of the RC40-1 slab can be calculated as 1.6 degrees and the
RC slab’s response can be categorised into the superficial damage level.

Figure 8.23. Mid-span displacement history of the RC slab in the test RC40-AUX586Al-h450
The impact load time history recorded by the load cell between the impactor and
the top surface of the cover plate is shown in Figure 8.24. The peak impact load on the
RHS panel was 49 kN in the first impact and the total impulse during the first impact was
around 3140 Ns. A plateau region can be observed in the impact load-time curve between
120 ms and 145 ms and could be attributed to the densification process of the RHS panel.
The impact load showed a sudden increase of load after 145 ms, it can be considered as
an indication of completion of the densification process of the RHS panel.
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Figure 8.24. Impact load vs time history for the test RC40-AUX58-6Al-h450
Strains on the 2nd (strain 1) and 4th (strain 2) 10-mm Grade 500 steel reinforcing
bars starting from the left side of the RC slab are shown in Figure 8.25, as recorded by
the strain gauges installed on those bars at the mid-span (see Figure 8.13 for the strain
gauge locations). Both strain gauges stopped recording data after the axial strains
exceeded the measurement limits of the gauges. Both reinforcing bars showed similar
deformation and strains. It can be observed that the strain rates (slope of the curves) of
both reinforcing bars became zero between 145 ms to 150 ms at strains of both bars
around 0.002, and then the strains of both bars started to increase dramatically. This could
be another indication of the completion of the densification process of the RHS panel.
Furthermore, the average strain rate of the rebar deformation during the RHS panel
densification (between 125 ms and 140 ms) was round 0.135 s-1, which was higher than
the average strain rate of the rebars after the densification of the RHS panel (between 150
ms and 160 ms) of 0.08 s-1. This indicated that the RHS panel absorbed the kinetic energy
of the impactor and thereby reducing the impact velocity.
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Figure 8.25.Strains on the 10 mm Grade 500 reinforcing bars in the RC slab in the test
RC40-AUX58-6Al-h450
Views of the deformed RHS protective system after the drop hammer impact test
of RC40-AUX58-6Al-h450 are shown in Figure 8.26. The 6-mm aluminium cover plate
did not show any sign of deformation after the test as shown in Figure 8.26(a). The cover
plate distributed the impact load from the 245 mm diameter impactor over the total area
of the RHS panel. As a result of the uniform distribution of the impact load, the RHS
panel uniformly and symmetrically collapsed as shown in Figure 8.26(b). High negative
Poisson’s ratio effect can be observed in the sandwich panel with the high material flow
towards the central region of the sandwich panel (see Figure 8.26(b) and Figure 8.27).
The re-entrant unit cells in the central region showed nearly 100% uniform densification
(see the green circle in Figure 8.26(b)). The thickness of the deformed sandwich panel at
the central region was 59 mm while both left and right side had 65 mm thickness. Even
though there were undeformed unit cells in the deformed sandwich panel, the impact load
history recorded during the test indicated the completion of the sandwich panel
densification at around T = 30 ms after the first impact (T = 0 ms) and it could be due to
the 100% densification of the unit cells in the central region of the core.
271

Figure 8.26. Final deformations of the RHS panel system after the test RC40-AUX586Al-h450: (a) overhead view; and (b) side view
The deformation time sequence of the RHS protective system (considering T = 0
ms just before impact with the cover plate) under the impact load is shown in Figure 8.27
as it was captured by the high-speed video camera. The RHS panel reached its maximum
densification under this impact loading after 45 ms according to the video footage. In the
initial stage, between 0 ms and 5 ms, all the unit cells in the RHS core showed slight
deformation, but after that, some unit cells in the RHS core showed localised deformation
forming an X-shape band as shown in the views at 7.5 ms and 12.5 ms in Figure 8.27.
After the formation of the X-shape band, the rest of the unit cells started to collapse under
the impact loading. The similar X-shape band formation was reported by Hou et al. Hou
et al. (2016) for low-velocity impacts (< 7 m/s).
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Figure 8.27. RHS panel's deformation sequence during the impact test RC40-AUX586Al-h450 as captured from the high-speed video camera
8.5.2.2 Impact of 600 kg of impactor at 2.5 m/s
In the test RC40-AUX58-6Al-h300, the RHS protective system remained same as
the previous test, but the drop height (ℎ) was changed to 300 mm. Thus, the impact
velocity of the impactor was 2.5 m/s for this test. Views of the final deformations of the
RC slab with the RHS protective system are shown in Figure 8.28. There was no
permanent deformation of the RC slab (RC40-2) that could be observed visually in this
test. However, the closer views of the RC slab showed a few hairline cracks on the tension
side of the RC slab as shown in Figure 8.29 indicating that the RC slab experienced a
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slight flexural tension failure. However, the cracks were barely visible (see Figure
8.29(b)) and the RC slab’s damage can be considered as superficial damage.

Figure 8.28. Final deformations of the RC slab protected using RHS protective system
after the impact test at h=300 mm: (a) view from the left and right sides and (b)
overhead view

Figure 8.29. Closer views of the tension side of the RC slab in the test RC40-AUX586Al-h300: (a) tension side of the RC slab; and (b) cracks on the tension side were
marked by a marker
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Even though the RC slab (RC40-2) did not show any visible permanent
deformations, the mid-span displacement time history from the laser displacement sensor
presented in Figure 8.30 revealed about 3 mm permanent mid-span deflection of the RC
slab after the impact test. The peak dynamic mid-span displacement of the RC slab was
20 mm, and the corresponding maximum support rotation of the RC slab is 1.2 degrees.
The RC slab’s response can be categorised as superficial or moderate damage level. The
peak dynamic displacement reduction of the slab in this test was 72% compared to that
in the reference test where the impactor was released from 450 mm above the top surface
of the concrete slab. However, the impact velocities of the reference test are 17% lower
than in this test, but the distance between the impactor and the top surface of the concrete
slab remained same as the 450 mm for both cases. Moreover, there was a 92% reduction
of the RC slab’s permanent deflection in this test compared to the reference test
demonstrating the great effectiveness of the RHS protective system.

Figure 8.30. Mid-span displacement history of the RC slab (RC40-2) after the impact
test (RC40-AUX58-6Al-h300)
Figure 8.31 shows the impact load time history for the RC40-AUX58-6Al-h300
test. The impact load graph is similar in shape to the previous test with the RHS protective
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system. The peak impact load in this test during the first impact was about 37 kN. Total
impulse due to the first impact was 2642 Ns. Similar to the previous test, the impact load
reached a plateau between 170 ms and 200 ms and the impact load showed a sharp rise at
200 ms indicating the completion of the core densification process which is the main
energy absorption mechanism of the RHS protective systems. This can be further
confirmed from the mid-span displacement history of the RC slab (see Figure 8.30) where
the RC slab showed a sudden increase of the mid-span displacements at around 200 ms
due to the increase of the transferred force to the RC slab from the densified RHS panel.
Furthermore, the plateau region in the impact load time history can only be observed in
the first impact. Since the RHS panel has already densified, the plateau regions cannot be
observed during 2nd and 3rd impacts.

Figure 8.31. Impact load vs time history for the test RC40-AUX58-6Al-h300
The variation of the strains at the mid-span of the 2nd and 4th reinforcing bars are
shown in Figure 8.32. Due to their symmetry, both reinforcing bars showed a similar
variation of strain. However, the peak strains on the reinforcing bars were not captured
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as they exceeded the maximum measurement limits of both strain gauges. The shape of
the strain vs time histories during the first impact was similar to the mid-span
displacement history of the slab. Both reinforcing bars gained a permanent strain of about
0.0005 after the impact test.

Figure 8.32. Strain vs time histories of the Grade 500 steel reinforcing bars inside the
RC slab in the test RC40-AUX58-6Al-h300
Views of the deformed RHS panel after the drop hammer impact test (RC40AUX58-6Al-h300) are shown in Figure 8.33. The cover plate uniformly distributed the
impact loading throughout the RHS panel. The 6-mm aluminium cover plate did not show
any plastic deformation (see Figure 8.33(a)). The RHS panel showed material flow
towards the central region indicating high NPR effect. A portion of the unit cells in the
central region of the RHS panel’s core showed nearly 100% uniform densification (see
Figure 8.33(b)). However, the top and bottom layers and the side unit cells showed partial
densification. The thickness of the deformed RHS panel was around 70 mm, and 75 mm
at the central region and sides, respectively. Even though the entire RHS core did not
reach the 100% densification in this test, the impact load history and the mid-span
displacement data showed an increase in the impact load and displacement due to the
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rapid densification of the RHS core. This could be attributed to the 100% densification of
the core from the central region.

Figure 8.33. Deformed RHS panel after the RC40-AUX58-6Al-h300 test: (a) overhead
view; and (b) side view
8.6 NUMERICAL MODELLING RESULTS AND DISCUSSION
8.6.1 Numerical simulation results for bare concrete slab test
In this section, the results of numerical simulations of the RC slab, using the K&C
concrete material model and the Winfrith material model, under the impact load in the
reference test are compared with the experimental results. Figure 8.34 compares the
numerically predicted mid-span displacement of the RC slab under the impact of a 600
kg mass falling at a velocity of 3 m/s with the experimental results from the reference
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test. The numerically predicted mid-span deflection history using the Winfrith Concrete
material model agreed very well with the experimental results. However, the mid-span
displacement results showed a deviation from the experimental results after 125 ms. The
numerical simulation with the K&C Concrete material model did not capture the RC
slab’s response correctly in this loading scenario and it predicted large deformation and
damage in the RC slab.

Figure 8.34. Comparison of experimental mid-span displacement of the RC slab in the
reference test with numerical simulations results
The RC slab’s deformation and damage after the drop hammer impact test is
compared with the numerically predicted deformation using the Winfrith and K&C
material models in Figure 8.35. The Winfrith Concrete model has the capability of
modelling the concrete cracking through the LS-PrePost; Figure 8.35(a) shows the
concrete cracking and damage of the RC slab after the impact test in comparison with the
experimental results. The numerical model using the Winfrith material model captured
the large crack at the mid-span of the RC slab. However, it did not capture the other cracks
correctly. As mentioned earlier, the numerical model with the K&C concrete model
overpredicted the RC slab’s response in this test and showed large damage in the central
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region of the RC slab (see Figure 8.35(b)). Thus, the Winfrith Concrete material model is
more suitable for the numerical simulations of concrete structures under impact loads.

Figure 8.35. Comparison of the RC slab's deformation: Experimental vs Numerical: (a)
Numerical model with Winfrith Concrete model and (b) Numerical model with K&C
Concrete model
8.6.2 Numerical simulation results for RC slabs protected using RHS systems
8.6.2.1 Numerical modelling of the impact of 600 kg impactor at 3 m/s
In this section, the results of the numerical simulations of impact testing RC40AUX58-6Al-h450 are discussed and compared with the experimental results. Two
numerical models were developed utilising K&C Concrete model and Winfrith Concrete
model. Here onwards, the numerical models with the K&C concrete material model will
be named as NM-K&C and the numerical models with the Winfrith concrete material
model will be named as NM-Winfrith. Figure 8.36 shows the comparison of the mid-span
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displacements of the RC slab obtained from the numerical models with the experimental
mid-span displacement histories.

Figure 8.36. Comparison of the mid-span displacement histories for numerical models
with experiments (RC40-AUX58-6Al-h450)
The NM-Winfrith model did not capture the RC slab’s response under the applied
impact loading when the RC slab is used with the RHS protective system. Even though
the numerical model with the Winfrith material model for the reference test was able to
predict the RC slab’s response very well, the Winfrith material model did not work with
the protective system. However, the NM-K&C model was able to closely predict the RC
slab’s mid-span displacement despite this model not showing good results for the
reference test. However, there is a deviation in response timing for the RC slab in the
NM-K&C model. The NM-K&C model predicted a peak dynamic mid-span displacement
which is 14% higher than that of the experiment.
Figure 8.37 shows the comparison of the impact load time histories obtained from
the numerical simulations with the experimental impact load vs time curve. It can be seen
that NM-Winfrith model predicted the impact load history reasonably close to the
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experimental data. Furthermore, the NM-Winfrith model showed a slightly longer plateau
region than the NM-K&C model. The NM-K&C model also reasonably predicted the
impact load history, and its shape is also similar to the experimental curve. However,
there is a significant difference in the response timing after the plateau region in the NMK&C model predictions.

Figure 8.37. Comparison of impact load vs time histories (RC40-AUX58-6Al-h450):
experiment vs numerical
Figure 8.38 compares the strains at the mid-span of the reinforcing bars obtained
from the numerical models with that of the experiment. The NM-K&C model
underpredicted the strains on the reinforcing bars, but the curve shape agreed with the
experiment. The NM-Winfrith model predicted the strains close to the experiment, but its
shape was different compared to the experimental curve.
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Figure 8.38. Comparisons of strain vs time histories of the reinforcing bars (RC40AUX58-6Al-h450): experiment vs numerical

Figure 8.39. Comparison of the numerically predicted final deformations of the RHS
system with experiment (RC40-AUX58-6Al-h450)
Even though the NM-K&C and NM-Winfrith models behaved differently in terms
of the RC slab’s deformation, both models provided very similar deformation for the RHS
panels as shown in Figure 8.39. However, the final thicknesses of the RHS panel for both
models after the impact test were higher than in the experiments. Interestingly, in the
experiments, the RHS panel’s thickness at the sides is 5-6 mm higher than the thickness
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at the centre, and this performance was accurately captured by both numerical models.
Furthermore, the full densification of the unit cells in the central region of the RHS core
was also captured by the numerical models.

Figure 8.40. Energy absorption characteristics of the protective system in RC40AUX58-6Al-h450 test
Figure 8.40 shows the energy absorption characteristics of the RHS protective
system under applied impact loading obtained from both numerical models. The RHS
panel absorbed around 1.5 kJ from the total energy of the falling impactor via plastic
deformation of the RHS panel’s core. Interestingly, the NM-Winfrith model also captured
the energy absorption of the RHS panel, similar to the NM-K&C model, despite the large
deformations in the RC slab. The 6-mm aluminium cover plate did not contribute to the
energy absorption of the protective system. It was found in Chapter 7, that the cover plate
plays an important role in the energy absorption function of the protective system under
blast loads, however, these results show that the cover plate does not contribute to the
energy absorption function of the protective system under low-velocity impact loads.
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Figure 8.41. Comparison of the RHS panel's deformation sequence with the experiment
in the test RC40-AUX58-6Al-h450
The RHS panel’s deformation sequence from both numerical models was
compared with the experimental deformation sequence of the RHS panel obtained from
the high-speed video footage. Both numerical models were able to closely predict the
deformation of the RHS panel determined in the experiments, including the X-shape band
formation of the RHS panel’s core during the core collapsing process. The comparison of
the RHS panel’s deformation in the NM-K&C model with the experiments is shown in
Figure 8.41. A high material movement towards the central region can also be observed
indicating a high negative Poisson’s ratio effect under the impact loads.
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8.6.2.2 Numerical modelling of the impact of 600 kg of impactor at 2.5 m/s
Since the numerical model for the RC slab with the RHS protective system
utilising the Winfrith Concrete material model was not able to capture the RC slab’s
response in the impact test RC40-AUX58-6Al-h450, the numerical simulation of the RC
slab with the RHS protective system under the impact of 600 kg falling mass at 2.5 m/s
velocity (RC40-AUX58-6Al-h300 test) was performed utilising only the K&C Concrete
material model. The numerically predicted mid-span displacement history of the RC slab
is compared with the experimental mid-span displacement history in Figure 8.42. It can
be observed that the numerical model utilising the K&C Concrete model was able to
reasonably capture the mid-span displacements of the RC slab under this impact loading.
However, it underpredicted the RC slab’s deformation in this loading case.

Figure 8.42. Comparison of the mid-span displacement histories of the RC40-AUX586Al-h300 test: Experimental vs numerical simulations
Figure 8.43(a) compares the numerically predicted impact load time history with
the experimental impact load vs time history for the RC40-AUX58-6Al-h300 test. The
numerical model slightly overpredicted the impact load, but it was able to capture the
plateau region of loading during the core densification. However, there is a difference in
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response timing in the numerical simulation. The axial strains at the centre of the 2nd
reinforcing bar were obtained from the numerical model and compared with the
experimental strain-time histories as shown in Figure 8.43(b). It can be seen that the
numerically predicted strain variation agrees reasonably well with the experiments. Thus,
these results have proved that the numerical model with the K&C Concrete material
model is more suitable for the numerical simulations of reinforced concrete structures
protected with the RHS protective systems under low-velocity impact scenarios even
though the K&C model did not capture the response of the bare concrete panels under
impact loads.

Figure 8.43. Comparison of numerical simulations vs experimental results for RC40AUX58-6Al-h300 test: (a) Impact load; and (b) strains on the rebars
The RC slab’s damage obtained from the numerical simulation was compared
with the RC slab’s damage in the experiment in Figure 8.44. The concrete damage can be
viewed through the scaled damage contours in this material model, and it can be seen that
the numerical model predicted several cracks on the tension side of the slab similar to the
experiments (see Figure 8.29). Similarly, there was no concrete crushing damage on the
compression side of the slab in the experiments which was correctly captured in the
numerical model.
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Figure 8.45 compares the numerically obtained final deformation of the RHS
system with the experimental deformation of the RHS panel. The numerical model
perfectly captured the RHS panel’s deformation under the impact load. The central region
of the RHS core showed nearly 100% densification similar to the experiments. Moreover,
it also captured a high material flow towards the loading centre. However, the thicknesses
of the deformed RHS panel were slightly higher than in the experiment as shown in Figure
8.45(b). The RHS panel’s negative Poisson’s ratio was traced from the numerical model
and the variation of the NPR with time is shown in Figure 8.46(a). The NPR showed a
rapid increase in the initial stages of the deformation up to -0.8, and then it decreased and
settled down at around -0.38 at the end of the test.

Figure 8.44. Comparison of the RC slab's damage in the RC40-AUX58-6Al-h300 test:
(a) side view of RC slab with RHS panel; (b) side view of RC slab; and (c) bottom of the
RC slab
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Figure 8.45. Comparison of the RHS panel’s final deformation: experiment vs
numerical: (a) overall view; and (b) side view

Figure 8.46. (a) Variation of the negative Poisson's ratio with time; and (b) energy
absorption characteristics of the RHS panel system in the RC40-AUX58-6Al-h300 test
The kinetic energy of the impactor is transferred to the specimens upon the
collision with the RHS panel system. The RHS system needs to absorb the transferred
energy to protect the RC slab from the impact loading. In this case, the total of 1.76 kJ of
energy was transferred to the protective system and the RHS panel absorbed around 1.3
kJ as shown in Figure 8.46(b). The 6-mm aluminium cover plate did not contribute to the
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energy absorption as it did not experience any plastic deformations. Thus, the RHS panel
is the main energy absorption component in the protective system under the impact loads.
8.7 CHAPTER SUMMARY AND CONCLUSIONS
The

re-entrant

honeycomb-cored

sandwich

panel

protective

system’s

performance and response to protect one-way reinforced concrete slabs under impact
loads were studied through large-scale experiments. The re-entrant honeycomb-cored
sandwich panel consisted of the re-entrant honeycomb unit cells with an internal angle of
58 degrees. The RHS protective systems were fabricated from aluminium sheets utilising
the newly proposed fabrication methodology for the RHS panels in this study as described
in Chapter 4. Two tests were performed with the RHS protective systems under two
different impact heights to evaluate the response and the performance of the protective
system. The mid-span displacement histories of the RC slab protected with the protective
system were compared with the test results of the RC slab without protection.
Full-scale high fidelity numerical models were developed, using LS-DYNA finite
element code, for the simulation of impact tests on RC slabs with and without the RHS
protective system. The numerical models were developed using two different material
models for concrete and the results were compared with the experimental results. The
suitability of these two concrete material models to predict the response of the RC
structures under impact loads was investigated. The findings and conclusions that can be
drawn from the results of experimental and numerical simulations in this study can be
summarised as follows:
•

The re-entrant honeycomb-cored sandwich panel systems can be
effectively used to protect the reinforced concrete structures under impact
loads.
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•

The re-entrant honeycomb-cored sandwich panel is the main energy
absorption component and the cover plate does not contribute to the
energy absorption capacity of the protective system.

•

The Winfrith Concrete Model is more suitable for the numerical modelling
of the bare reinforced concrete slab under low-velocity impact loads. The
K&C Concrete Model is more suitable for the numerical modelling of
reinforced concrete slab protected with the RHS protective system under
the low-velocity impact loads. The numerical modelling results agreed
with the experimental results, but the applicability of the models for
different impact loading scenarios is questionable due to the
inconsistencies in the numerical results between different loading
scenarios and different conditions.

•

The results of this investigation further emphasise the importance of
carrying out large scale experiments on these structures to validate
numerical modelling results.

Future experimental studies are required to further understand the performance of
RHS panel systems under impact loads and also to calibrate the concrete material models
for parametric studies and further optimisation of the RHS protective systems.
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS
9.1 OUTLINE OF THE RESEARCH WORK
The primary aim of this research work was to develop a lightweight, modular
negative Poisson’s ratio (auxetic) sandwich panel system to absorb and mitigate energy
under blast and impact loading and provide protection for critical infrastructure and
personnel. In this research, the negative Poisson’s ratio sandwich panel system was
developed using a re-entrant honeycomb-cored sandwich (RHS) panel combined with a
metallic cover plate.
The RHS panel was composed of a re-entrant honeycomb core sandwiched
between two thin face sheets, and all components were made from aluminium material to
achieve a lightweight protective system. The RHS panel’s core consists of rows of reentrant honeycomb unit cells, these exhibit negative Poisson’s ratio behaviour (auxetic
behaviour) by concentrating material into the loading path when under compression
loads. After designing and manufacturing the RHS panel system, the performance of the
developed protective system under blast and impact loads was investigated through largescale experiments and non-linear finite element modelling.
It has been found that experimental data on the performance of large-scale
negative Poisson’s ratio sandwich panel systems under impact and blast loads are very
scarce, with only one study available (Qi et al., 2017), which was undertaken by a research
team of the University of Wollongong in collaboration with researchers at Dalian
University of Technology, China. Considering the uncertainties and complexity of the
blast and impact loading events, large-scale experimental data on sandwich panel
protective systems under blast and impact loads are vital for understanding the response
and behaviour of the sandwich panel systems and the calibration and validation of the
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numerical models. This research work has filled the major gap in this research area by
providing unique experimental data for the performance of re-entrant honeycomb-cored
sandwich panel systems under blast and impact loads. Furthermore, this work has
provided insight into a complex behaviour of re-entrant honeycomb auxetics under
different scales of blast loading that is essential for the development of design
recommendations for RHS panel protective systems.
In the first phase of the research, the performance of the reduced-scale sandwich
panels composed from five different negative Poisson’s ratio unit cell topologies (auxetic
unit cells), were evaluated under quasi-static compression loading, to find the most
effective auxetic unit cell topology for the development of large-scale RHS panels. The
reduced-scale sandwich panel specimens were fabricated using 3D printing technology
from Nylon plastics. The performance of the auxetic panels was evaluated by comparing
their load-displacement relationships and energy absorption characteristics. The reentrant honeycomb unit cell topology was selected from this investigation as it showed a
smooth load-displacement relationship with a long plateau region and high negative
Poisson’s ratio behaviour.
In the second phase of the research, large-scale re-entrant honeycomb-cored
sandwich panels were fabricated from 0.6 mm aluminium sheets, using a new fabrication
technique and a novel in-house built folding machine. Lightweight aluminium plates were
used as the cover plates of the RHS protective systems. To evaluate the performance of
the developed RHS panels under close-range blast detonations the field blast trials were
carried out using 1 kg spherical liquid nitromethane explosive charges. Two separate
investigations were performed involving two types of the main structure, namely steel
plates and reinforced concrete slabs as the structure that needed to be protected using the
RHS system. Two designs of RHS systems were also considered in the experiments in
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which the internal angle of the re-entrant honeycomb unit cell was varied. Additionally,
the cover plate material type was also varied (aluminium, CFRP, LDPE) to evaluate its
effect on the performance of the RHS protective systems. The performance of the RHS
panels was evaluated in terms of the peak and residual deformation and the overall
damage to the main structures (steel plates or reinforced concrete slabs).
The performance of the RHS panel systems under low-velocity impact loads was
evaluated using drop hammer impact tests on one-way simply supported reinforced
concrete slab protected with the RHS panel systems. The tests were carried out using the
drop hammer impact testing facility at the University of Wollongong. A re-entrant
honeycomb-cored sandwich panel, consisting of re-entrant unit cells with an internal reentrant angle of 58 degrees was used for the drop hammer tests. The drop hammer
impactor weighing around 600 kg was released from different heights to evaluate the
effect of impact velocity on the RHS panels’ impact resistance performance.
In the third phase of the research, non-linear three-dimensional finite element
numerical models were developed using the LS-DYNA computer program, which is well
recognised for the simulation of blast and impact loadings on structures. Numerical
models were developed for the reduced-scale sandwich panels under quasi-static
compression loading, large-scale RHS panel systems under close-range blast loading
scenarios and impact loading conditions. The numerical models were calibrated using the
experimental results. Then, the calibrated numerical models were used for the parametric
studies to evaluate the effect of various design parameters on the performance of the RHS
systems under blast and impact loads.
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9.2 MAIN FINDINGS OF THIS RESEARCH WORK AND
RECOMMENDATIONS
The main findings and recommendations that can be drawn from these extensive
experimental and numerical investigations are summarised as follows.
Based on the reduced-scale auxetic panel testing and numerical simulations the
following conclusions can be drawn:
•

The re-entrant honeycomb topology displayed the most consistent and
stable auxetic performance under quasi-static uniaxial compressive
loading and demonstrated a reliable energy absorption performance while
transmitting less force to the main structure compared to the other tested
auxetic topologies.

•

The re-entrant honeycomb, arrowhead type 1 and arrowhead type 2
designs demonstrated a high level of negative Poisson’s ratio effect, but
the star-4 and missing-rib-cut designs did not show any negative Poisson’s
ratio effect under the compressive loading.

•

The developed numerical models for reduced-scale auxetic panels agreed
reasonably well with the experimental results, and the techniques used for
the numerical models were adequate. The developed numerical models
can be used for further studies of auxetic designs and design optimisation
of auxetic topologies for some relevant practical applications.

The following conclusions and recommendations can be drawn from the
experimental and numerical investigations of the performance of the RHS panels tested
with steel plates as the main structure:
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•

Under close-range blast loading conditions (scaled distance 𝑍𝑍 < 0.3
m/kg1/3), the auxetic (RHS panel’s) core could densify within a very short

time (3 ms) and turn into a solid high-velocity projectile, thus enhancing
damage to the main structure rather than mitigating damage.
•

The effect of the internal angle of the auxetic unit cells on the blast
performance is negligible at very close-range blast loads (𝑍𝑍 < 0.30
m/kg1/3) due to the fast progression of the RHS panel’s core deformation
mechanism. The value of the internal angle becomes more important for
medium range (0.30 m/kg1/3 < 𝑍𝑍 < 0.70 m/kg1/3) blast loads, where the re-

entrant honeycomb core deformations show auxetic behaviour.
•

RHS-A (re-entrant unit cells with 68° of internal angle) system is more
effective for blast detonations with 𝑍𝑍 < 0.4 m/kg1/3, while RHS-B (54° of

internal angle) system is more effective for scaled distances 0.40 m/kg1/3

•

< 𝑍𝑍 < 0.65 m/kg1/3.

The RHS systems showed relatively low effective negative Poisson’s
ratios of -0.15 and below for scaled distances 𝑍𝑍 < 0.35 m/kg1/3. For

detonations with scaled distances 0.35 m/kg1/3 < 𝑍𝑍 < 0.7 m/kg1/3, the RHS
panel systems demonstrated the effective negative Poisson’s ratios of up
to -0.7.
•

The optimisation study for the anti-mine protective system subjected to
the blast impulse from the explosive threat of 2 kg TNT at 300 mm
showed that the performance of the RHS systems could be improved by
increasing the number of auxetic layers and the wall thickness. In general,
this study has demonstrated that RHS systems should be designed with
care considering the maximum blast impulse, the design strength of the
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main structure, and the design capacity of the RHS system to avoid
overloading the main structure.
The following conclusions and recommendations can be made through the
findings of the experimental work and numerical investigations on the one-way simply
supported reinforced concrete slabs protected with RHS panel systems.
•

The use of RHS panels with lightweight cover plates amplified the damage
to the reinforced concrete slabs in all the tests demonstrating that the RHS
panel systems have limits where it may be effective and may be ineffective
and even could amplify the damage to the main structure if they are not
used within the design effectiveness limits.

•

The main reason for the ineffectiveness of the RHS protective panels with
lightweight cover plates (e.g. aluminium, CFRP, LDPE) was found to be
the early RHS core densification which results in the transfer of a large
impulsive load onto the main structure potentially resulting in severe
damage to the main structure.

•

The RHS panels with lightweight cover plates do not exhibit negative
Poisson’s ratio behaviour (auxetic behaviour) when subjected to the very
short duration high-magnitude impulsive loads in the close-in blast
scenarios. But RHS panels with thicker cover plates like 9.4 mm steel
cover plates may be more effective by exhibiting high negative Poison’s
ratio behaviour when subjected to close-in blast scenarios.

•

The energy absorption capability of the RHS protective systems is
controlled by the cover plate used with the RHS panel for close-in blast
scenarios. Thus, the cover plate selection plays an important role in the
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RHS protective system design and should be carefully considered when
designing RHS protective systems.
•

The RHS panel needs to be used with thicker cover plate for improved
protection performance and effectiveness for close-range blast scenarios.
9.4-m thick steel cover plate is found to balance the better performance
and the mass of the protective system.

•

There are two main response regimes of the RHS protective systems with
thick steel cover plates: (1) large localised deformation of both RHS panel
and cover plate (Z < 0.13 m/kg1/3); and (2) global densification of RHS
panel without plastic deformation in the cover plate (Z > 0.13 m/kg1/3).
This response regime transformation occurs at a scaled distance of 0.13
m/kg1/3 for the RHS-A panel with a 9.4-mm steel cover plate, and this
finding is applicable for any RC slab design which is stronger than the RC
slab design used for this investigation.

•

The energy absorption of the RHS panel as a percentage of the total energy
0
(𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
+ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 ) does not change with the thickness of the cover plate under

the same blast loading scenario. However, the percentage of energy
absorption varies with the scaled standoff distance. This finding is
applicable for any RC design but only with steel cover plates.
The conclusions that were drawn from the findings of the large-scale experiments
on the performance of RHS panel systems under impact loads and numerical simulations
are summarised as follows:
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•

The re-entrant honeycomb-cored sandwich panel systems can be
effectively used to protect the reinforced concrete structures under the
impact loads.

•

The re-entrant honeycomb-cored sandwich panel is the main energy
absorption component in the RHS protective system under the impact
loads and a cover plate thicker than 6 mm does not contribute to the energy
absorption capacity of the protective system.

•

The Winfrith Concrete Model is more suitable for the numerical modelling
of the bare reinforced concrete slab under low-velocity impact loads. But
the K&C Concrete Model is more suitable for the numerical modelling of
reinforced concrete slab protected with an RHS protective system under
low-velocity impact loads. The numerical model results agreed with the
experimental results, but the applicability of the models for different
impact loading scenarios is questionable due to the inconsistencies of
results between different loading scenarios and different conditions.

The results of this investigation further emphasize the importance of carrying out
large scale experiments on new types of protective structures to validate their numerical
models and better understand their performance under extreme loading conditions.
9.3 SUGGESTIONS FOR FUTURE WORK
According to the results of this research work, its limitations and the experience
gained, the following suggestions can be made for the future work in this research area.
•

More experimental data will be required for RHS panels with thick heavy
cover plates to further validate the findings for the RHS panels with thick
heavy cover plates under close-in blast loads. Moreover, additional
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experiments will be required to understand the effect of main structure
characteristics on the RHS panels performance and to further validate the
numerical results in this thesis.
•

This study implemented a simplified analytical method called BIIM for
the determination of the blast loading on the structures under close-range
detonations and an empirical method of blast load application in LSDYNA called the LOAD_BLAST_ENHANCED function for the
numerical simulations to apply blast loadings. Multi-Material Arbitrary
Lagrangian-Eulerian (MM-ALE) method in combination with FluidStructure Interaction (FSI) can be implemented for the numerical
simulations for more accurate blast load modelling and can be used to
investigate the blast wave interaction with the RHS panel system in more
detail.

•

More experiments are required to further calibrate the LS-DYNA material
models for concrete material for their use in the simulations of concrete
structures under blast and impact loads.

Furthermore, to reveal the effectiveness of the auxetic cellular structures
compared to the regular cellular structures such as conventional hexagonal honeycomb
core structures, more comprehensive tests can be conducted using the blast simulation
facility in future, which eventually provide more insights for the response of auxetic
structures under blast loads. Furthermore, analytical models can be developed for easy
designing of auxetic protective structures for blast and impact protection and can be
validated using the experimental results in this study.
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A large-scale experiment was performed to understand the response of the RHS
panel system under the far-field blast loading conditions using the Advanced Blast
Simulator (ABS) Facility at University of Wollongong (see Figure 9.1 and Figure 9.2).
However, interestingly, the RHS panel system did not deform under the applied blast
loading and the RC slab which was protected with the RHS panels had damage similar to
the reference tests (see Figure 9.2). The results of this experiment raised a question of
why the RHS systems did not deform under the applied blast loading. The results of this
investigation were not included in this thesis as it will require further experiments and
numerical simulations to be conducted. It has been found through the preliminary
numerical modelling, conducted using Viper:Blast software, that the blast load-auxetic
panel interaction plays an important role in far-field blast loading conditions.

Figure 9.1. Pre-test images for ABS tests: (a) reference test for RC slabs; and (b) tests
on RC slabs protected using RHS systems (150 kPa peak pressure at 17.5 ms duration)
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Figure 9.2. Post-test images for ABS tests: (a) damage to the RC slabs without any
protection in reference test; and (b) RHS panels after the tests and damage to the RC
slabs (150 kPa peak pressure at 17.5 ms duration)
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